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It.. AUSOAC?

This publication contains th- e papers presented at the S'everth A1f(Itl. Scic-n-
tifv: Balloon 'Symposium held in Sv 'tt'niber 1972. Thbe papers w 're presented in
three sessioný: To-thervd and Powered Hailoonn, Halloon-borne EFxnerinnents,
and Instrumentationi and lHalloon Technolaev.

in the area of tethered halloon,,, papers were oreseiitfd on rcables, drai'
and stabilityv characteristics, bull desjigrn atlA analysic, arid tin' re.,ults' c~f scien-
tific experimenits usiiW, tethered ballocirs as scriisc;r:,intf,,rn1,s. l'aaers vt'rv
presented on a poweredi qpherrc:al bal oon and a -;,.r%-Py ef possibl)e Powe'r source.
for use by this system.

Presentations durinrg the 1 Hal non -orne Expe rininents and Instz umentatiton
sýession incluided manned balloon fiigiits. proc 'sion pointing and control i~at-
forms and instrumentationi, rrncov,-rv parachute Perforriiurck. gondola r~iotioii
anal yses, a balloon radar altimeter, and an overview of trenc~h irii

bal looninrg art ivit ýt:s.
!)uring the Ralli.on 'lectnnl ogy session a ri-vie w a as iiradk of 11w( di glit

results and perforn-anre of balloons With Voluons.1 It) OXci-fS. of' 20 mill0r ion i
fetet, shape! and stress analvs is of bothI nnriroi forired and rein foreced na rss

and fabric tinting to inrcrea're so~lar atrsoritivitv,.
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Abstract

This publication conta~ns the papers presented at tvie Seventh AFCRL Scientific

Balloon Symposium. held at Portsmouth, New Hampshire in September 1972. The

papers were presented in three SeS3ions:. Tethered and Powered Balloons.

Balloon-borne Experiments, and Instrumentation and Balloon Technology.

In the area of tethered balloons, papers were presented on cables, drag and

stability characteristics, hull design and analysis and the results of sinii

experiments using tethered balloons as sensor platformis, Papers were presented

on a powered spherical balloon and a survey of possible power sources for use byI this systemn.
1'resentations during the Balloon-borne Experiments and InEtrumentation

session inclurded manned balloon flights, precis ion pointing and control platforms

and instrurmentation, recovery parachute performiance, gondola motion analyses,

a balloon radar altimeter, and an overview of French scientific ballooning activi-

tis

During the Balloon Technoiogy session a review w as made of thle flight results

and performance of balloons with volumes in excess of 20 million cubic feet, shape

andl stress analysis of both nonreinforced and reinforced materials, and fabric

tinting to increase solar absorptivity.
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I-1. INTRODUCTION'

During field operations of a tethered balloon system in .May of 1971, failure of

the flying line resulted in loss of the balloon. Cable testing after the failure indi-

cated no significant loss of break strength in portions of the cable n.ar the opera-

tional failure. Winch testing using a weight and pulley system showed damage to -

the cable at the same point on the winch as the original failure. It appeared that

the failure was due to wearing during balloon operations and not to a v.'*,ak section

of the cable. Laboratory testing was necessary to tho'rou',ghl understand all as-

pects of this failure mode. To accomplish this, AICRL has undertaken a program

with the Engineering Mechanics Department at the Air Force ;Academy to investi-

gate the incident. This program has the short term goal of isolating and stud,'ing

S-' the cause of failure and thus taking appropriate steps to prevent f',.tre occurrence.

F (Received for puhlication 15 December 19",'2)
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The ultimate goal of the program is to study tether cables, both present designs

and prom-nising new ones,

The failure in the field occurred wkhile using a 100. 000-ft kite balloon and a
0.52-inch diameter NOLAIO cable; NOLARO is an acronym for NO LAY ROPE. It is

manufactkired bC Columrbian Rope C'ompanv and consists of prestretched polyester

yarns contained in an extruded polEv, heline jacket.

The 0.52-inch diameter NOLARO cable used in the field operations and this - - -

test prograino h:as 60 v:;;- c .- rid a nominal jacket thickness of 40 icilsz. ''his c ý1le

has a rated breaik stregth of 11, 500 pounds and weighs 90 pounds per 1000 feet.

The winds at the time of failure were averaging an estimated 40 knots with

maximan, gusts to 50 knots, These winds were sufficient to cause much sand and

dirt to ihe 1i.v a ro;u:id in the ireon of the v..inch. Alter holding tie balloon at 1n00

fcct abort 'evel for 2 hour. under these conditions, the cable failed at the

first orating sheave of the winch.

The failure i-,.cde seen; in the field has been isolated and studied in the labora-

tory. In studving this failure mode, other olodes of wear andt damnage have aiso

been investigated. This paper describes the tests conducted to date and tCe results.

Also, future plans of the test program are discussed.

1-2. BASIC ASSUMPTION FOR NOL.RO "U)FST PROC;II.-M

An assumption in the initial test progr-am was that the critical condition for

NOLAPO is a holding operation with the tether line subjectcd to cyclic loads super-

imposed on a basic preload. During a holding condition, which is typical of teth-

ered ballu-on operations, the naterial is subjected to traction !oads over a n•ort

segment of the lengtlh for considerable time, whereas the point of applieation of

these loads is continualy cnanging during w.inching. Cyclici loads, in Addition to

the baýic load due to t'h balloon. xvcll be pre:'ent lurIng op...t o,. in icgb v Cn-

ditions. These cvclici loads are (!ýc to 1)8 loon a eroden.i cria.3, aS well as tho dy-
namic respons;e of the c:able.

1-3. PREII.IIN N\RN T'ENSIILE IsrHF'N(;TI11' TES1

The initial steps in. the test prog:'amn ;k-re to establish bas.ze line ,l:cta for th'e

static strength of the m.ate.i-i :ind to dev(-iop in-house car.pa.bility to .k e high'-

qia litv eve splices, 'Ih n-.ote rial ii,;(-; for the test. v.,ea, 0.52 inch ;!hrm eter NOI. AfO

taken from thu reel which was in u4e -,t tlhe tir-e of the -ier.ti in: f.'il'ire. Ten

'--foot spec:imens were tested in tension using a hidr elir hiri'ersal lest ,Machine.

I no specimens were finrirsted 'v u ,l (ti' 5)ii'(..,i .t, - , . ,



inserted in the eye to protect the fibers. Test values hetween 9500 and 11, 800

pounds were obtained, with the higher values occurring during later tests as splic-

ing techniques were improved. Initial fiber failure occurred in all tests at the be-
ginning of the eye splice, indicating that splicing is a limiting factor in the develop-

ment of NOLARO breaking str ngth. These test results are in agreement with those

obtained by other researches with like material as described in the reference docu-

rnents.

1-4- CYCLIC WOAD TEST PROGRAM

After the initial tensile tests were completed, a test program was initiated to

investigate the NOLAl•O/winch interface and the mechanism by which loads were

transferred between the two. A test fixture (shown in Figure 1-1) was constructed

to simulate a 90* NOLARO/w nch interface. The test section consisted of sheave

segments of identical geometry and material to that of the Fair Site dual capstan
winch. A cross section of a sheavc segment is shown in Figure 1-2. The segment

is made of aluminum with a rnolded pol-,-urethane coating. A solid aluminum sheave

segrment of idertical geometry was also manufactured for the test fixture.

The fixture was mounted in an Instron Universal Test IVachine as shown in

Figurea 1-3 and 1-4. To more closely duplicate the boundary conditions existing

in actual operations, the primary load cell was extended 4 feet above the normal

location on top of the test machine, A clamping fixture was installed on the splices

to prevent slip between the polyethylene jacket and the polyester load fibers at

those points. A 12, 000-pound capacity strain-gauge load cell was mounteý on the
rear extention arm of the fixture to monitor load behavior In the NOLARO after pass-

ing over the 90, sheave section.

During initial testing with this fixture it was observed that the traction available

from the 900 !-heave segment was not a function of the load but remained at approx-

imately 2000 pounds over a range of primary loads from 3000 to 9000 pounds.
"Slipping of the NOLARO jacket on the sheave could be olrservud at the higher loads,

Dissection of test specimens which had been loaded to 9000 pounds around the

sheave revealed no damage to either the jacket or the fibers, Static tests of speci- -

merea which had been tested to 9000 pounds around the sheave resulted in failure

loads within the range of previous tensile tests. Specimens loaded to failure

around the 90* sheave segment failed at comparable loads, and in the same m-nner.

that is, initial fiber failur( ccurred at the rbeginning of the splice. Dissection of

these specimens revealed no a -age in the sheave area other than the usual hock-

ling of fibers which had fade e splice.
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Figure 1-2. Cross Section of Test Sheave Segment

A series of cyclic load tests were performed next with a preload of 5000

pounds and a variable load of -1- 1000 pounds. This loading was considered typical

of tether line behavior under moderate to high wind conditions. Duration of the

tests varied with the maximum numher of cycles attained at this loading condition

being 13, 500. Rear load cell readings remained almost constant during the cycling

tests at a value 2000 pounds less th,,n the upper' load limit. No failures of either

the NOILA RO jacket or the polyester fibers occurred. Ifibers were removed from

the specimens after tests and conipa red with untested strands from a similar sec-

tion of NOLARO under a stereo microscnpe. Some discoloration and slight abrasion

of r.ne fibers which had been in contact wiitli the jacket inateriAl was noted, however,

tensile tests on these fibers did riot irldiclte that :tnv reduction in str'ength had

occu-lrred.

IFor the next series of tests, sa rid with :a sieve rating of 15 was introducedi

into the iinterfuce hetween Ihe NC)IA M) I d;nnd tie fixed, shene. Since the oper tiornal

f.niil irr' h;d odcorre i w d lring ý - .Il orfl, t W;1, s coisidered 'h Bigihly pro nbhl,' 11n1t
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Figure 1-3. Test Fixture in Instron Test Machine (Front)

sand was present in the interface at the time. The intrnduction of the sand drasti-

eally changed the behavior of the NOLARO. Extreme elongations of the jacket mate-

rial were evident at the point of tangency with the sheave during the initial applica-

tion of load. Jacket failure occurred at this point after relatively few load cycles.

Fiber abrasion and subsequent fiber failure occurred as load cycling continued.

()thcr friction producing m',terials, namely commercial belt dressing com-

pound and small spherodized glass beads, were introduced during later tests with

similar results. These materials were selected to produce friction without the

sharp cutting edges of the sand. Fiber abrasion was less pronounced during tests

with these ruaterialis; however, the initial jacket failure occurred in the same

l iu•'r.

"Tho failutres observed in the tests with friction materials are considered to be

rr'pr.:.ent.tive of the one experienced in the 'ield; na mely, they occurred at the
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Figure 1-5. Schematic of Test Condition

load (P) is considered to be sufficiently removed from the sheave to represent the
boundary conditions of a flying tether line. Friction forces (F) are transmitted to

the fibers by means of shear forces in the jacket. The applied load (P) is resisted

by these friction forces and by the load at the fixed end of the specimen.

The polyester stress-strain relationship can be considered linear within the
range of loading considered; hence, the strain in the polyester bundle as it passes

over the 90' sheave section is assumed to vary in proportion to the load in the
fibers. Although actual fiber strain measurements were riot made, a linear strain

distribution along the sheave can be assumed since the fiher/jacket interface

through which the friction forces are transmitted is niot affected by the surface con-
dition of the sheave. The total elongation of the fibers in the test section can there-

fore be expressed as the integral of the strains or simply the area under the solid

curve in Figure 1-6 which shows assumed fiber strains versus position along the

test section.

The jacket strains along the free sections of NOLARO between s- s I and s 2 -s 3
are the same as those of adjacent fibers dlue to thc low moduluis of the polyethylene

and the molded interface between the two. ], riction along the area of contact with

the sheave between s I and s 2 restrains the ncotion of jacket and results in a rela-

tive slip between the fibers and thc polyethylene. The magnitulde of this relative
motion betweren the fibers and thec jacket is s-mall in tho casc of ai clean sheave.
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hiut becomes very large when thle jacket is, restrainedi to Alm.ost n0 alip on tiw

sheave by sand or other friction producing niater-lais.

noe reid significance of the rositra jent of the olclc jiacket hY high. fric-

tion on the fixed shleave is seenl wIlte the total elongation of the t es' seot ion' 1-c cnn -

sidered. Point s50 on Figure 1-6 is consid-e red re-presei'aitvtt of ai point :Itil>

flYing cab-le suffi niently- removedt from. the sheave. At thlis pci nt thi- total cloniit -

tion. of theý fihers and the jacket Cr0111 point s:3 or the fixed e-rd of tile %()I.:(

must be thle samne. I n other- words, the integral of the jaicket strains b:etween s~

and S53 must eclaal the integral of thle flier st rat ns over the samne length,. he

dashed line on FIgure 1-il show.s nicas;ured Jacket stem front. oest \'() ! ..\k()

w.ith ;and. The curve shiow.s low jacket at rains oceU rrir~g ;toni: titlc corita et Se!i!

and more si 11gn ifi. ranitlv, th e v clv% large strains in the jaclket wvn.1i ccu as. thle

cab~le s~eparatfps front tile sheaveý. These stratins, wni citter l fr-ou tue I uot~i Ji. s

placenrtent coat] ition, osdem. exceed thle 'toýld coiýl:m I I,)!-rltcl elt -

Uclic loading at this.- condition produces successive plos,-tic d;nrao ~
jaickeCt atI a le IOCA1ed a te-a Unt il l'UptuI- meoccur-s.

'1he Yin ket ftitil cce sequence is cl en nv sh~own in Ilg.t!! 'S i-- u 1

I igurt. -T Show.s thet spe-cinne( in tllC test flixture ifte r 2-0rv:riluas--

pli ed. The tes-t marks on thle NO LARCO were phýn net] at I 2- ui oe vl I1 u

loaded cable. Figure 1-8 shows thle specim~en after the applicaýtitrl o! a tinOO-potin'i

load. i wee 100 percent eifloiiJtitiotl iii the jacket has occurred- local lv ýwint ri~tet

f~iilue Cc cn he seCer'. onl one sidte of the cahle. Figptlre - P5io0: thOi ;i he. after

19:1;~ -. 41 9pui~l 1~ -tlt'--"O~'u< ~-2I



"Figure 1 -B. Specimen in Te'st F'ixtu re - UOOO- ! 'mind VLoad (sand in I ntc rfa cc)
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Figure 1-10. Failed Section of NOI.ARO Remroved Irom Test Machine

The prec2eding discussion, as well as the measured data and the photographs,

applies only to the case of high friction in the area of initial contact w~ith the sheave.

As noted before, similar tests under clean conditions did not produce failures of

this type. fn these tests noticeable slip between the NOLARO jacket and the sheave

could be observed, and the large jacket strains at the point of tangency were not

present.

1-6. ADDIITIONAL TE~STING; PROGRAMM1ED

rests to date have been restricted in the total number of load cycles obtain-

able due to the relatively low cycling rate of the Instron machine. A new test fix-

ture is currently under construction which vill permit the accumulation of a large

number of test cycles in ýa shorter period. This fixture utilizes a 3000-pound

force magnetic exciter to provide the cvclic load. P-reload of thle cable is- main-

taine-- hv hvdrmzilir actuators, ýmr! this preload is isolated from the exciter arma-

turu by pr~eumatic springs. A\ schernatic drawing of the design is shown in Figure

1- 1 1. Thie versatllitY of thie mnagnetic exciter will provide for a wide range of fre-

quency and load spý-ctrun) vc riations.

The three--Ah~el iensiiorneter show-n in Vivur,Ž 1-12 has bween developed for

u~e on line durinig flight operations with NOL A C). Th-.s tensiorr-eler has a sensitivityI
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Figure 1-12. Three-\\ heel Tensiomneter Des~igned for
Measurin~g NOL.ARO Loads!, Durinp Fipiht Operatitoncz

of 1 mV lb1 ;md am trequerncY response from, dc to 1500 11?. it functions over a

range of 500 to 10, 000 pounds. lDviimrnlc caýblc load,. during fluture flights -will be

mneas ured ard record.ed on raagaetlc tioc. Th)e data h.il e ac: idfor spectra!

onetas well a-L s m: c di rect"'. a .: An input to the i .ignetic o xcite r.

The tensiometer arnd test fixture aire designed to nnca sure zand Siula-11te flight

oPe rating conditions as closely as Possib;-it the primr:i r,, -+Jectt e being to

determine life expectanc'-. of 'NOI \W-)f du!r~zu! 'ho)_.im~g Towit'ls ~ ppraoure tests

on NCI.Alin are also pLannied a;sing :ta en%.irmonnen',l-mI~mp Tc-.ý w-;iA be con1-

d-icted between -60 1' and +200'1 . Thec chalmber is of ,fce~ ize to) permit

evaltiation of the. cabl~e over ! partial she: ye ser'inct.
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1-7. CONCLUSIONS FROM TESTS PERFORMED ON NOLAFRO TO DATE .

1. Limited cyclic loading of NOLARO against a fixed sheave under clean condi-

tions does not appreciably degrade the strength of the cable. Tests have shown

this to be true for load conditions of 50 ±20 percent of rated cable strength and X.p

to 15. 000 cycles. Test results are identical for both polyurethane and hardened

aluminum sheave surfaces.

2. The introduction of foreign matter, in particular sand. into the sheave/

cable interface results in a failure of the jacket afte- relatively fen load cycles and

subsequent fiber failures due to abrasion of the unprotected polyester. -

3. Due to Conclusion 2, field operation with NOLARO should not be conducted

under conditions of wind-blown sand unless the winch installation is enclosed.

Frequent inspection of the winch surfaces should be made to ensure that a build-up

of friction producing foreign matter does ihot occur. This is particularly important

for the first groove on a multiple-groove dual-capstan winch of the type commonly

used with NOLARO.

4. Holding operation with NOLARO should be programmed to rnove the cable

frequently by small amounts, thus shifting the critical point along a section of the

jacket and preventing accumulative plastic deformation.

5. NOLARO offers a high strength-to-weight ratio necessa.-y for critical appli-

cations. The material must be handled with more care than steel cable, but this A

appears to be a small penalty to pay for the advantages to be gained in increased

altitude and payload capability in tethered balloon operations.

6. Further testing of NOLARO is required to determine life expectancy under

cyclic loading. Additional testing rnust be conducted to determine effects of tern-

perature on cable properties.
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2. Aerodynamic Coefficients of

Four Balloon Shapes at High Attack Angles

P.A. Peters and H.H. Lysons
Pacific Northwest Forest & Range Experimunt Station

Seattle, Washington
-•-;S. Shindo A• :

Aeronautical Laborato,-y, University of Washington

Seattle, Washington

Abstract -_A

This paper presents the results of w.'ind tunnel tests on natural shape, barrage.
Class C, and Vee balloons. Lift, drag, and pitching moment of each balloon are
presented for an angle-of-attack range from -12' to +1020 and a nominal Reynolds
Number of 106 per foot. The use of each shape as a tethered balloon is discussed.
The data will be useful to those responsible for balloon design and performance in
logging, or similar large tethered balloon applications.

2-1. INTRODUCTION

Since first introduced in the summer of 1963, tethered balloons have been

used to yard logs in the Pacific Northwest as a means of harvesting difficult ter-

rain with little impact on the forest environment from access roads or soil distur-

bance. In downhill logging, the balloon is typically operated at very high attack

Preceding page blank
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angles. Knowledge of the aerodynamic characteristics of tethered balloons in this

operating mode is needed to design the optimum system configuration.
Wind tunnel tests in the United States in the early 1900's were mainly of high

fineness ratio bodies with application to airship design (Abbott, 1931). Some test-
ing has been conducted in England on barrage balloons for tethered applications

* .(Simonds, 1963). Recently, extensive pressure and force tests have been conducted
in the United States of a natural shape and a kite balloon (Sherburne, 1968; Haak,

1971). However, the above tests have been conducted for a limited range of angle
of attack (ax). seldo;n exceeding 20*. A preli-minary wind tunnel test of two kite-

balloon models in a small subsonic facility provided the first balloon aerodynamic

data at a > 20* (Swarthout, 1967). This test indicated the desirability of conduct-
ing a more extenEive test program in a production facility. This paper presents

the results of that subsequent program.
Natural shape, Class C, barrage, and Vee balloon models were tested in an

8- by 12-foot wind tunnel at the University of Washington. Lift, drag, and pitch-
ing moment are presented for an angle-of-attack range from -120 to +1020, and a
nominal Reynolds Number (R. N. ) of 106 ft- 1 . The use of each balloon configura-
tion as a tethered balloon i3 discussed. The data will be useful for selecting the
optimum balloon shape for logging service.

9 2. NOMENCLATURE

0( pitch angle of attack, degrees

o •I limit angle of attack, degrees

1B buoN ,t lift. pounds

2 2/3SCD drag coefficient, 2D/pV V

C11 lift coefficient, 2L!0V 2 ¥ 2 /3

SCm pitching moment coefficient, #2.i3•

1 drag, pounds

"/ flight path angle, degrees

reference length, feet

aerodynamic l'ft. pounds

1L/I) aerodynamic lift-to-drag ratio, ( L!D

M aerodynamic pitching moment about center of moments, ft-lb

MN pitching moment about tether point due to relative rind, ft-lb
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M pitching moment about tether point due to buoyant lift and
M_, balloon tare weight, ft-lb

R. N. Reynolds Number

P density. slugs/ft3 pamt
i . ... •: sigma, balloon shape parameter -

T tether cable tension, pounds

•-•" . .. "V relative wind, fps

IVballoon volume, ft 3

W balloon tare weight, pounds

X T length from tether point tc center of gravity along
body centerline, feet

XB length from center of buoya-cy to ater of gravy. feet

length of perpendicular from tethe. Ait to body centerline. feet

sube equilibrium

subx horizontal

subs vertical

2-3. WIND TUNNEL TESTS

2-3.1 est Procedure

Typical test configurations including model, strut support, and fairing are

shown in Figure 2-1. The modet has been rolled 90' to use the tunnel -aw axis

as the model pitch axis. Pitch angle of attack is obtained by rotating the strut.

Forces on the model and strut are transmitted by the strut to a six-component

balance system. In the normal configuration (Configuration A), the force trans-

mitted to the balance includes:

1. Weight of the model

2. Desired aerodynamic force on the model

3. Aerodynamic interference effects amongst the model, strut, and fairing

4. Aerodynamic force on the strut.

F orces aue to tunnel wall effects wer e considered negligible. Weight tare correc-

tions were obtained by taking balance readings at all angles of attack with the wind

off. Two additional test runs were required at each angle-of-attack setting to cor-

rect the data for the effects of iterns 3 and 4 above. The test configurations and

corrections for strut tare are shown in Figure 2- 2.

A
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4
A) NATURALVSHAP BALLOOWIWITHA'DUMMY STRUT C) CLASS C TLU.O...Ji ou= 4,e,

F.igure 2-1. Test Configurations in Tunnel

The balance system measures six components of model force: lift, drag, side

force, pitching, yawing, and rolling moment. I1very model was tested at a zero

yaw angle of attack and possessed lateral symmetry. Therefore, side force, yaw-

ing moment, and rolling moment should equal zero. The magnitudes of these com--

ponents cc 'ected tfr the effects of strut interference were indeed nearly zero

(Shindo, 1969 and 1970). ()nlE the cornponents of interest - lift, drag, and pitch-

ing moment - are reported here.

A schematic of the wind tunnel facilitv is shown in Figure 2-3. The tunnel is

;i .uhsonic, closed, double-return type. The tunnel tipers down tu an 8- by 12-

foot -ross se-tion :at Ohe test section. Top wind spee(d ittainable is 250 mph.
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FORCES MEASURED ON SHADED PORTIONS

CONFIGURATION CONFIGURATION CONFIGURATION
A sC

Lift = 2 x LiftA - Lift C.

Drag z2 X DiagA .Draga D1&9L

Moment = 2 x Moment A - omontB. Moment C

Figure 2-2. Strut Tare Correction Configurations
anO E.quations

The present tests were conducted at constant dynamic pressure of 25. 9 lb

waIch corresponds to a wirv, speed of approximately 100 mph.

U 2-3.2 Mo'•del Descriptions

The bhaloons in fully inflated condition are represented by rigid models, All

models r'e co,.'tructed of white pine and painted white. The hulls were turned on

a lathe to insure axial symmetry. Photographs of each model, as they appear in

the wind tunnel during the test, are shown in Figure 2-1.

The natural shape is the sirmlest, possessing aýxial symmetry and containing

no stabilizers. The model is a 3= 0 shape modified at the bottom to represent the

natural shape with an attached conical skirt. Generating coordinates for the natural

shape model are presented in Table 2-1.

The barrage balli•on is a single hull conf'guration with three aft stabilizers

p piaced 1200 apart; it has mirror symmetry with respect to a vertical plane down

tht centerline. The vertical stabilizer or rudder is directly below the hull. The

horizontal stabilizers or fins have the same shape as the rudder but are 80 percent

the size. Fin and rudder details are shown in Figure 2-4. Generating coordinates

for the barrage balloon hull are presented in Table 2-2.

6-:
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'rrr

JfC TIONA 1. PL.AN THRU rLMVf 1. AXO

ILI

.5ECTIONA.L ELtVAT/ON 'C-

5f.CT/CNAL ELEVA?-/ON W~

1I-,gure 2-3. Wind Tunnel Trest FacilitY
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ORDINATE

Table 2- 1. Ordinates of Natural Shape Balloon

Station (percent Station (percent
length from Ordinate leng-th from Ordinate
tether point) (inches) tether point) (inches)

0 0 74.8 12. 17 -

14.6 3.42 K 80.3 1 1.70

.8. 2 65. 8 85. 4 10. 95

41.9 9.83 87. 7 10.49

46.9 10.70 91.7 9.39
52.0 11.40 94,8 1 8.12

57. 5 11.94 9.'. 1 6. 73

63. 2 2.27 ] 98. 6 5.27

I 69. 0 12. 35 99. 5 3.78 1

1-00. 0= 25. 87 0

The ('lass C balloon is a single hull configuration with three aft -;tabilizers

placed 120' apart. The vertical stabilizer is directly below the hull. The geo-

metric details of the stabilizers are shown in Figure 2-5. Generating coordinates

for the Class C hull are presented in Table 2-3. Hyv cmparison with the barrage

balloon, the Class C is more streamlined in both hull and stabilizer design.

The Vee balloon consists of two hulls jcined to each other at the forward ernd

and joined to a horizontal stabilizer at the aft end. A single vertical stabilizer is -

located at the horizontal stabilizer midspan. The geometric details of the stabil-

izers and their placement are given in Figure, 2-f,. Generating coordinates of the

individual hulls are presented in Table 2-4.

2-3.3 lData Arcurarv,

Model li iP. r;.g. a-dl pitching rnonr#'r:t " l miea sured to ai res-olution of 0. 1

pound. 0. 01 pound, a; 0. 1 in.I,, rcspectively. The vibration enmuronrent was



HULL CENTERLINE

.10
tz inches

62i
inche

L

VERTICAL STABILIZER

HORIZONTAL STABILIZERS ARE 80 PERCENT THE ABOVE DIM~ENSIONS.

TRAILING EDGE OF HORIZONTAL STABILIZERS IN SAME POSITION
AS VERTICAL STABILIZER.

LA Figure 2-4. Barrage Balloon Stabilizcrs

ORDI NATE

STATION

'I'ahle 2-2. OIrdinates of Barrage Bialloon Hfull

ýttin (pece.; r rinate Staion. (pe-rcent IOrdinate
lengh fom nse) (inchies) length from nose) (nhs

O 0 19 F). 8.8

0. -,8 1.56 25.68 9. 04
2.02 2. 94 2$. 17 .131

3. 27 3. I %0. 67 9. 17
4.51 I4. 66 3.1 9.1b

5. 76 5. 23 3 4.40 og 0

7. 00 5. 73 35 61.15 P. 0.4

8. 25 ,1 36. 89 8

1 74ý 6.573 .1 13. !l

$ 1:".2'3 7.60 l0. L3$.1

15.72 11. 06 4 41. 87 8.56
I 1;. 2 1 b. -;0 '.71 2.60

20,7 -$, n l 00.00 48.9 0
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very low; the amplitide of oscillation was approximately twice the above resohl-

tion. This source of error was reduced by averaging.

2~4 incheesF=

1.3 4ncnehes

A-A

-- ~VEI• ,ICAL ATA BILI'7-ER'..?2.9.6 inches

HORIZONTAL - :
L I 2 inches TABILIZER i

B-B ,.
1282 inches

AA-A

12.0 inches

AA.

L~gure :2-5. ( lU'o: C Balloon Stabili zers

A\n additional source of error was introduced in the correction for strut effects.

.. lthough the eq,.atio~r.s for strut correction introduce rio error. get, retric corn-

rpr-o,:aia-e. i'ad to h~e ma•de in the dummv. ;trut configurations to provide clearance to
isolate that part of the configurutior for which forces were measured.
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ORDI NA-E

I able 2-3. O)rdinates of Clns.- C, Bllaoon,- -

IStation (percent Ordin'ip~ i 'Station ipercent 0rdinate
leogth from nosýe) (inches) leghfo o1)(nhs

0 1 0 1 4 4

I 3. 2 I ~ .5 67 ~. 20
6.4 4.560.8 6. 95

9. 6 5. 8. G4. 0 6. 70 I

12.8 6. 60 j 72 I 6.45

1 16. 0 17. 10 70. 4 620 I
19. 2 7.40 73. 6 5. 9

2 22.4 b b. ra

25. 6 .85 8i0. 0 3 0

28.8 I 790 K 83. 2 4. 90

3 2.0 00 : 86. 4 4. 0 I
3 5. 90 89D.6 9

* 8. :12. 8 :3.4 0

4 1.6 10 ft6. 02.6

44.8 8 .21.20

48. 0 60 10. 0 54. 7'0

A\n indirect rietiiod of assessing this error wnis to check the data for internal con-

si stencY and rpitiit.\rpnailtecheck or~corredr in the angle--of-,attack

range front 38 7to 52' '1I hes suppo r- st rul cot fhe wind turrnel mnodel hn.- at rota - -

tion rc.pnhrlitv% of' 69ý. Ta'c olhttirn th( deme rgle-o'-;Qttnck range of - 12ý to

t 102", the model v:as- i:nolnte(I it! twko seCP< ra~tC P0itiots' or the s;upport strut, I'm

overlap in da:.i-;i, obtaiwed hetv;(ci en " M8 idI 52'. (00(1 te,ýren: tnt in this ph

rang isg i(o.n,4!(r itrŽ(ýi in 1 L rours 2 -, 2-,2n d -10.
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Figurel 2tail6e was exclonStded.er
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ORDINATE

OTAT1N

Table 2-4. Ordinates of Each Vee Balloon Hull

Station (percent Ordinate Station (percent I Ordinate
length from nose) (inches) length from nose) (inches)

0 0 55 3.61

5 !.88 60 3.50

i0 2.50 65 3.36
is 2.92 70 3.21 -
20 3.21 75 3.01

25 3.42 80 2.74

30 3.56 85 2.42

35 3.68 90 2,00

40 3.72 95 1.37

45 3.74 100= 30.00' 0

50 3.68

The reference length is the hull length for the Clas;s C and barrage shapes. -

The reference length for the natural shape is the volum,• to the one-third power.

For the Vee ba-loon, the reference length is the length of one of the individual

hulls.

The center of buoyancy of the kite balloons - barrage. Class C. and Vee -

was chosen as the center of moments. The moment center for the natural shape

is the load altachment or tether point of the balloon. Some of the pertinent param-

eters of the cc-figurations tested are .huwn in Table 2-5. These data are fur-

nished to facilitate comparison with other wind tunnel test results.
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2-,SIMULATION AND SCALE EFFECTS]

Considerable judgment should be used4 in tile interpretation and use of wind tun-

nel data on balloons. Two of the principal liMitatiOTIS are the results of;

1. Simulating the balloon by a rigid model

2. Simulating the balloon by a subs-,ale model.

Full scale tests of tethered balloons indicate that flexible body effects may signifi-

cantly affect the aerodynamie characteristics of balloons. A balloon has a tendency

to flatten out on the windward side, which incre~ases the drag force. Drag forne

estimates from flight data normally indicate higher drag than wind tunnel results
(17erguson, 1955; Menke, 1963).

Aerodynamic similarity is achieved when thle Reyoolds Number of the wind

tunnel model equals the Reynolds Number of the balloon in its reference flight Con-

dition. The Reynolds Number (based on Y" 3) for each balloon shape tested is:

It. N. =1. 59 X 10 6 N3tural

It.N,. 1. 59 X 106 B~arrage

R.N. =1.59-K 106 Class C

R. N, = 1. 05 X106 VeeM

The H. N. of various flight configurations at sea level is shown in Figure 2- 11.

The It. N. Is of the wind tunnel models are also shown in Figure 2-11 for reference._

The Reynolds Number is a measure of the relative strength of the kinetic and

frictional forces in the stream nlow. Its principal influence is on the boundary layer

and hence affects the friction drag, transition from lamninar to turbulent flow, and

the location of the separation point. To ensure transitiun from laminatr to turbulent A
flow, trip strips are somnetimes used on wind tunnel models. In the present test,A
thp barrage balloon was tested with arid without a trip strip, with no change in mea-

wired for(es. A 1/8-inch diameter circumferential cord at 10 percent of body

length v.~sused as the trip strip.

A classic figure showing the transition region for a sphere is showl in Figure

2-12 (Hoerner, 1951). Trhe natural sk-ipe datta of this report aind' that cf Sherburnie

(1098) are also shown in Figure 2-12,

* 2-. 1I~iIRESUIAT$

-5A Ge,~neral

The lift, drag and pitchling moment ver-aus angle of attack are presented for

each balloon shape. Natural Hhape, harrage, CIligg C, and Vee balloon data are

premente'J itiiia2 2-9. -1-9. and ?-!If, rI'.'4nct ively.



10

For So& Le'vel Cariitione. Stazndazd Atmosphw. :"a
Refeseno. Len~gth =(Volowse) Y3

4,

100,0 1m0000

-NATUREAL BARAE VLB

REF. LENGTH MAX. DIAMETER

.6-
OPHERE

(H~r~.1951)

NATURAL
~ 4(Sherzburne, 1988)

O. 01 Q
0'

011

REYNOLD'S NUMBER

Figure 2-12. Effect of Reynolds Numbder on Balloon Drag
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All data were obtained for a nominal R.N. 1- 06 ftC. In the following paragraphs,

the characteristics of the data for each balloon shape are discussed.

2-5.2 Natura Sha

The lift, drag, and pitching moment of the natural shape are presented in

Figure 2-7. An outstanding characteristic of the natural shape is the erratic be-

havior of the lift curve for small alpha. Lift drops off rapidly at a = 0' and rises

just as rapidly at a = 120. A similar behavior was reported by Sherburne (1968).

Above a = 12'. lift increases until stall occurs at a = 38", Minimum drag occurs

at a = 20'. The aerodynamic moment about the tether point is predominantly sta-

bilizing. The expected symmetry about of 90' is demonstrated by the lift, drag,

and pitching moment curves.

2-5.3 Kite Balloons

The lift, drag, and pitching moment of the barrage, Class C, and Vee are -•

shovm in Figures 2-8, 2-9, and 2-10, respectively. The kite balloons exhibit

iirnilar lift, drag, and moment curves. Prominent features are:

1. Linear lift curve up until stall

2. S-qhitped drag curve

3. Minimum drag at alpha near zero

4. Moment curve which is predominantly stabilizing.

The Class C balloon lift curve (Figure 2-9) has a double maximum at a = 26'

and a = 51 *. A probable explanation of this result is that the total balloon lift is

composed of essentially two parts, that due to the tail surfaces and that due to the -

body or balloon hull. The lift on the tail surfaces increases until at ( = 26' a

stall condition occurs on the tail surfaces with a resulting loss in total lift. Above

S= 26', body lift continues to increase with alpha until another maximum occurs

at a = 51. The center of pressure shifts forward 9 percent of body length be-

tween a = 26' and az 32', supporting the explanation given that lift is reduced

at the tail surfaces. This phenomenon is not as pronounced with the barrage bal-

loon because its tail fins are not as aerodynamirc ally effective as those of the

Class C balloon.

The coefficient data of the Vee balloon are substantially higher than those of

the Class C or barrage balloons. This occurs because the data were normalized

by dividing by hull volume to the two-thirds power. If the reference area nad been

model surface area of platform area (these may be more meanir.gful for the Vee

balloon), the cocfficients would he of comparable magnitude with other configura-

tion data. The lift variation of the Vee balloon is quite unusual, bping well

approximated by two straight lines.
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2-5.4 Lift-to-Drq Ratio

The aerodynamic I/D for the four balloon shapes is presented in Figure 2-13.

S.The barrage, Class C, and Vee balloons show a similar variation of L/D with

angle of attack. The L/D is linear with angle of attack at small angles, reaches a
maximum at of 15*. and steadily decreases with increasing angle of attack.

Class C

REYNOLD'S NUMBER to, 1t.-

2+- 2

~2 b 40 6'0 10 100
ANGLE or ATTACK. DEGREES

Figure 2-13. Aerodynamic Lift-to-Drag
Ratio of l3alloons

The natural shape 1,'1) Is erratic with small angle of attack. From t( 30° to

ne = 900, the LI!) of the natural shape is essentially independent of angle of attack.

SIn many applications, it is desirable to maximize L,'D. The Class C and Vee hal-

loons have advantaged over the b-irrage and natural shape in such applications.
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2-6. TETHERED BALLOON APPLICATIONS __

In this section, the influence of the longitudinal aerodynamics on the suitability

of each bal'oon as a tethered balloon is discussed. < -1

2-6.1 Equilibrium Condilions

2-6. 1. 1 NATURAL SHAPE

A force and moment diagram of the natural shape is given in Figure 2-14.

VA

YI

RT -4

FOR TRANSLATIONAL EQUILIBRIUM

T. = L miny + D 08
T.= L cosy - D aiw + 13D W

* FOR ROTATIONAL EQUILIBRIUM:
N z in CLET., DaT cold.*+ TEST co.(+*fl- TET ainlu..+T)

-iZ - RT afn(a,+y) 0

Figure 2- 14. Force and %Moment Diagram of a TYethered
Natural Shape Balloon

*Note that --erodvnairnic performance in only one of many considerations in the
design of a tethered hailloon systern. Cost, availabilitv, reliability, expected life.
tolerance to dy' wiamic loads. and lateral stability are other factors in the selection
of a halloon.
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The equations for equilibrium in Figure 2-14 can be combined to eliminate cable

tension to obtain the following condition for equilibrium:

M + M7 = 0,- (2-1)

where

1C l2pV 2VM V C I/D2,

m e

M Wx sin e + )- BxB sin (ae+ Y).

Define the limit angle of attack, al, . as that for which the aerodynamic pitch-

ing moment about the tether p jirc, MV, equals zero. For the natural shape bal-

nloon. =L when Cm 0. From Figure 2-7, oL 510 for the natural shape

balloon.

Equation (2-1) can be used to obtain the equilibrium angle of attack as a func-

tion of velocity and flight path angle. The solution for equilibrium angle of attack
is presented ir, Figures 2-15 and 2-16 for two sizes of natural shape balloon:

WN,3 3250, 00C ft and 530, 000 f. . For example, a leveL 30-mph wind results in te 2-

11.50 for the 250. 000 ft 3 balloon and ae = 9.5° for the 530, 000 ft 3 balloon.

eSince eqiilibrium conditions V e , and a e are known, cable tensions can be--

3~B =,625 Ib.. V

W = 2,900 11m. I

11 = 55.3 h 40 HORIZONI
zT = 40.4 ft. ZT- L = 51' .

30-

20-0' = tY -60'

10.

Y -
0 10 20 30 40 50 60

EQUILIBRIUM ANGLE OF ATTACK. DEG

'irure 2-15. Eqluilibritum Conditions for Tethered Natural Shape,
V 250, 000 ft0
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B 33,128 lbe.
l bB a L .

3 71.1 ft. v E
=T 59.6 I. 40

OL= sic HORIZON

S30t r•, 
-I'

-0
2.0>. 

A
10 -, 0 = -20' v=-40° v.•--60 2

0 10 20 30 40 50 60
EQUILIBRIUM ANGLE OF ATTACK. DEG

Yigute 2-16. Equilibrium Conditions for Tethered Natural Shape,
S= 5 0,000 ft 3

determined tusing the equatiens in Figure 2-14. Cable tension for the natural

shape tethered balloon in horizontal winds is presented in t.'igure 2-17.

2-6. 1. 2 7,ITF, BA II,0 )NS -A

A f,Prce and moment dia gram of a kite balloon is given in Figur'e 2-18. The

equationb f-'r equilibriu.m can be combined to eliminate cable tension to obtain the

following condwonn for equilibrium:

=i+ % 0 .
(2 - 2 )

whecre

Jv ('J) 1 '2. PVC2"4 3 i(X1  - x. .) sin n a T cos e] tC (M 1:2 \' 23e 3

" 1( l2'V (x X2) COe O,. - " sir e

•nd

S C . 4, e ' e

-4 \lx ( c, " y ,"

p?
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5-To. V 2fOO ItU.'J~ .

"T,. V 5 630.000 kt'

10 20 30 40 1.
WIND VELOCITY. MUP"

Figure 2-17. Cable Tension in a Tethered Natural Shape
Balloon Versus Wind Velocity. Y= 0O

=~ L:

a

FOR TRANgLATIONAL EQUILIDRIUM:

L =jinr• ÷ D aoce"
Tm:L coarn~--D ~nv + B--W

FOR ROTATIONAL IEQ(UILIBRIUM:

IU + LU3 oo*e. 4 Dai• aino + 333 C@8{114 +' - T,,1T oou(&g +y)

-- ai,,VTsj(.. +$**) -- T3 MT .in(G, +y) + TyT cca(a, +y 0

Fig,•re 2-1iR, Force -nd Mumrent rFji4gr_.m. of • .ret;e-red .K.te

Balloon
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- For the natural shape, the apex is the obvious teti-er point location; for the I
?)ý,ite balloon, the tether point location is a design choice.

Select for purposes of discussion a tether poi:it •-cation such that the kite bal-
loon flies level in a calm (Brown and Speed, 1962). The actual tether point location
and resultant angle of attack is a design choice influenced by considerations of per-

formance,' stability, and survivability in high winds. The effect of tether point lo-

cation, on perfc.rnance is discussed later in this report; its effect on stability and

survivability in high winds is beyond the scope of this report. For level flight in a

calm, the tether should be positioned such that:

B 5
XT B(B-)XB" (2-3)'B

Equations (2-2) and (2-3) can be combined to eliminate the longitudinal tether posi-

tion, XT x in the mathematical statment of the condition for equilibrium.

Therefore,

NI + Myz 0, (2-4)

where

NI 1/2~V p% 2/ [C t - (~ )X~ C~ sin a ( x C)X CLos o

Cy CD cose - Y.' C'1 sin

and

I = T (B - N) sin (%e + Y)•

Equation (2-4) has been used to obtain the equilibrium angle of attack as a

function of velocity and flight path angle. The solution for equilibrium. angle of

attack is presented in Figures 2-19, 2-20, and 2-21 to- the barrage, Class (',

and Vee balloons, respectively. There are certain general characteristics of

these curves:

1. At low velocities, buoyancv effects dominate ; nd q =

2. .,t high veloriti -s, aerodyr,nmic effects dominsne and "t C

3. More than one equilibrium angle of attack can exist for a fiv,'n wi n

speed and flight path (ligure 2-20). The extraeme angles of attack

correspond to stable equilibriums, ýind the intormediate angle corre-

spur,,ds to an unstable equilibriurn.



4. The importance to the tethered balloon application of the particular

value of the limit angle of attack, oli, is clearly implied.

LIL
40- BALLOON LEVEL IN A CALM

B, 9.37$ -b

W 2700 be.

-B = 21.P ft.

xa 0.= 21.50I -~~~~ 20-13:f3 2

Sd ", 0'-20" - ow,0"60

0 10

HORIZON-

0 10 20 3060

-QUIL'i§RIUN ANGLE OF ATTACK, DEG

F'igure 2- 1.Y. Equilibrium Conditions for a Tethered Barrage Balloon
• • V 1 5 0 , (, 0 ft 3

SOL HORZON

40 L HORZON BALLOON LEVEL IN A CALM
B 9,3376 1b1.
W = Z.700 lb,.

1B=23,9 ft.
30- T = 33.e it.

3. = 83.1 it.
UOIL = 4L

1-0

0 10 20 30 40 50 60
EQUILIBRIUM ANGLE OF ATTACK, DEG

Figure 2-20. Equilibrium Conditions for a Tethered (lass C
fls;!0 Vi, • = 'U, UUU tt,,
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40 BALLOON LEVEL IN A CALM
B = 9,375 lbs.
W = 3.700 lbe.

X B = 13.3 ft.
X 30 z' = 22.0 ft.

TT = 74.4 ft.
aL = 18 0

20-

10-

Y=v=7-20* 7'=-4O* Y=-60*

0 10 20 30 40 50 60
EQUILIBRIUM ANGLE OF ATTACK, DEG

Figure 2-21. Equilibrium Conditions for a Tethered Vee Balloon,
'V= 150, 000 ft 3

2-6.2 Effect of Tether Point Location

The designer of the tethered balloon system will want to adjust the parameters

at his disposal, normally the location of the tether point, XT and YT' to obtain de-

sired performance from the system.

For example: a barrage balloon, V = 150, 000 ft 3. is used as a logging balloon

for operation at a nominal inhaul speed of 20 mph and a horizontal flight path.

flow does the lift capability vary with the location of the tether point?

Let Tz be the measure of the lift capability. The plot of Tz versus a for the

barrage balloon is shown in Figure 2-22. The angle of attack for maximum lift

corresponds to o = 40'. At this angle of attack, the horizontal tension is also

large and indicates a large power input is required to obtain the maximum lift. By

definition, a = 11 when MV = 0. From Eq. (2-2).

C D (xB - xr) sin ct + YT cos Oi, + Cm"

+ CI, [(x13 - XT) cos rL - YT sin CLl = 0, (2-5)

where CD. C 1 , and Cm are all functions of rL Since xT and YT are both in

Eq. (2-5), more than one location of the tether point will satisfy Eq. (2-5). The

locus of tether point locations which give i limit angle of attack of 40' is shown in

Vigiire 2-2%. The required horizontal position of the tether point is station 47.
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9-

7"

6 60
-T

50*

0 4 400

SANGLE OF ATTACK. DEG

F }igure 2-22. c'able Trension of a Tethered BarrageBalloon, 150, 000 f0

The vertical location is a matter of cUr.venience. Tether point locations for other

limit angles of attack are also shown in Figure 2-23 for 01, = 10', 20'. and 30-.

In general, as the tether point is located iurther aft, .he limit angle of attack

increases.

-he balloon attitude in a calm also depends on the tether point location. To

fly level with no wind, the tether point must be located at station 32. Forward of

station 32, the balloon has a n,,Fe down attitude in a calm. Aft of station 32, the

balloon has a nose LIp attitude in a calm.
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STATION

0 20 40 60 80 100= 137 FEErT

FLY LEVEL IN CALM WHEN
'' = STATION 32

rL= 100 200 300400

Figure 2-23. Locus of Tether Point Locations to Give a
Specified Limit Angle of Attack

2-7. SUMMARY

Wind tunnel tests giving aerodynamic data on three configurations of kite bal-

loons and one design of a natural shape balloon are presented. All four shapes

were tested for a wide range of attack angles (-121 to +1020) as typically encoun-

tered in balloon logging. These data are needed to design and develop the optimum

balloon configuration for use in a balloon logging system.

Principal limitations in the wind tunnel data are the Reynolds Number simula-

tion and representation of a flexible balloon by a rigid model. As a check on the

effect of Reynolds Number, a barrage balloon was tested with and without a trip

strip, with no change in measured forces. In high winds, deformation of the for-

ward surface of flight test balloons is apparent. Drag force estimates from flight

test balloons is apparent. Drag force estimates from flight data normally indicate

higher drag than wind tunnel results.

The natural shape exhibits an erratic lift variation with angle of attack. Nega-

tive lift occurs between ey= -20 to +12%. The kite balloons - barrage, Class C. and

Vne - show good qualitative agreement amongst themselves. E.ach exhibits:

1. A line',ir lift curve up until stall

2. S-shaped drag curve

3. Minimum drag at alpha near zero

4. ,.\ moment curve which iq prfedornltwntlY stabilizing.
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Equilibrium conditions of a tethered balloon are presented for each balloon

shape. As the re?' ti'-e wind velocity increases, the equilibrium angle of attack -

approaches the lir.i" , ngle of attack. The limit angle of attack, by definition, is

that for which the aerodynamic pitching moment about the tether point is zero. By

developing the relationsnip between the tether point and the limit angle of attack.

it is shown that tethered balloon performance can be substanially controlled by

selection of tether point location.
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3. Analytical anld Experimental Investigation .

of the Stability of a Balloon Tethered in Wind

L.T. Redd, R.M. Benno"t, and S.M. Bland
NASA Langley Research Center

"Hampton, Virginia

Abstract

2L -An analytical technique for predicting the stability of a balloon tethered in a
steady wind has been developed at Langley Research Center. This technique util-

, i:zes computer programs for calculating the stability characteristics of a balloon
and for plotting the calculated results. These programs ;ire based on a linearized,
stability-derivative type of analysis which includes balloon aerodynamics, buoy-
ancy effects, and sta';c forces resulting from the tether line.

The analytical technique has be,.n applied to a 7.64-meter modified "Class C"
shape? balloon tethered in steady winds up to 40 m/s. The analytical results ob-
tained compared favorably with experimental data from two tests. This paper
briefly describes the analytical technique and presents samples of the analytical
and experimental results for the 7. 64-meter balloon.

I-I. INTRODUCTION

A tethered balloon is useful for a number of purposes, such as supporting an-

tennas or providing an aerial platform for various measuring instruments. Such

operations are often Impaired, however, by the occurrence of dynamic instabilities

Preceding page blank
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of the tethered balloon system, especially during strong wind conditions. Although

information relating to the stability of towed and tethered iodies, including balloons,
has been published (Bairstow et al. 1915 and DeLaurier, 1371; for example), a
systematic procedure for the analysis of tethered balloon stability is apparently

lacking. In an attempt to fill this need, the Langley Research Center has con-

ducted a general research study aimed at the development of improved techniques
A for predicting the stability of tethered balloons.

The scope of the above study is indicated by the subjects listed in Figure 3-1.
Briefly, this study included the following obj-ctives: (1) derivation of the stability

equations for steady wind conditions, (2) adaptation of

these equations for use in computer programs to calculate

0 STABILITY EQUATIONS stability characteristics and to plot the result, (3) devel-

0 COMPUTER PROGRAMS opment of methods for determining derivatives for use in

"* EIATVSthe stability equations (Redd, 1970), and (4) formulation•i • DERIVATIVES

*• TOW TESTS of tcw tests to assess the accuracy of the stability analysis.

T SIn addition, a trend study was made to determine how theS• TREND STUDIES

stability boundaries are affected by changes in individual
Figure 3-1. Impor- stability parameters.
tant Items in the
LThe purpose of this paper if to present highlights of+• ~Langley Tethered -
Balloon Stability the tethered-balloon stability study conducted at LangleyS,. y
SlyResearch Center. A discussion of the assumptions and

limitations associated with the stability equations is included, and some typical

analytical results are compared with experimental data from the two tests.
Samples of the trend studies are also shown.

S•3-Z SY• , L, s

a distance along balloon cntkr line from nose to force

reference point, meters (se? Figure 3-3)

SB buoyancy forces, newtons

CD drag coefficient. -

balloon geometric center line (see Figures 3-2 and 3-3)

CL lift coefficient,

C rolling-moment coefficient, -_

Cm pitching- moment coefficient,•:' q w,;3-c

Cn yawing-moment coefficient, N

n- - - - - q.. - - -- -- .. .
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D aerodynamic drag force, newtons

S•.dc tether cable diameter, meters

•- •=•hbr' br components of distan:efrom force reference point ' -i
dto center of buoyancy, meters (see Figure 3-3)

hcg' -cg components of distance from force reference pointto center of mass, meters (see Figure 3-3)

hih see Eq. 3-A3)

12
har *sr components of distance from force reference pointSto center of gravity of balloon structure, meters

(see Figure 3-3)
I, * Iz rolling, pitching, and yawing moments of inertia.

respectively, about balloon center of mass, in
stability axis system (including aerodynamic
apparent inertias), kg.m

Ix, I Iyy rolling, pitching, and yawing moments of inertia,SIyy, respectively, about balloon center of mass, in
F body-reference principal-axis system (including

aerodynamic apparent inertia), kg.m 2

I product of inertia about balloon center of mass. in
Sxz stability axis lystem (including aerodynamic; apparent

inertia),. m

;-xx kxz longitudinal tether cable spring constants in earth-fixed
k axis system, N/m (see Eq. 3-A4) and Neumark (1961)1]
kzx kzz

"k lateral tether cable spring constant in earth-fixed axis

Y, system. N/m fsee Eq. (3-A4) and Neurnark (1961)]

SL aerodynamic lift force, newtons

t, M, N rolling, pitching, and yawing moments about the x, y,
and z axes, respectively, N-rn

41 •tether cable length, meters

.tbr component of distance from force reference point to center
-b of buoyancy

.tr! ttr components of distance from force reference point to
attachment point of tether line, meters (see Figure 3-3)

M a,. Ma see Eq. (3-A3)

n T combined mass of balloon structure and inflation gas, kg

m X mv, mz manses of balloon in stability axis system (includingV- I evuodyna nc apparent mac-co), kg see Eq. (3-A3)
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aM m aaerodynamic apparent masses associated with balloonmx, mya' m, aaccelerations along principa.l body axes, kg

p. q. r perturbation rolling, pitching, and yawing rates about
xy y, and z axes, respectively. rad/s

qwo dynamic pressure of steady wind, o V 2, N2 m2 M-

S characteristic area of balloon, VB 3 m 2

T0o "T tension at lower and upper ends of tether cable,
newtons (see Figure 3-2)

time. seconds

u perturbation velocity of balloon along x axis, ni, a

V steady wind velocity, In.S

volume of balloon gas bag, m

W structural weight of balloon (including weight of test
instruments and pavlad attached to balloon), newtons

w tether cable weight per unit length, N.:m

X, Y, Z external forces acting on balloon along x, y, and z
axes, respectively, newtons

x, V, z coordinate distances in stability axis system, meters

(see Figure 3-2)

perturbation angle of attack oi x axis

balloon angle of attack at trim

8 angle of sideslip

"0 Y1 angles between horizontal arn tether cable at lower
and upper ends, respectively (see Figure 3-2)

real part of characteristic root of stability equations,
damping parameter, 1 's

o , €, * total Eluler angles of pitch, roll, and yaw, respectively
(Etkin, 1959)

0, Y, ' perturbations ofO, 4b, and *, respectively

X characteristic root of stability equation,
= 77 + i u", is

atmospheric density, kg ri3

imaginary part of characteristic root of stability
equations, circular frequency, rad!.q
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Stability derivatives are indicated by subscript notations:

LL I CC = C etc.

Subscripts:

R pertaining to force reference point (see Figure 3-3).

3-3. ANALYTICAL CONSIDERATIONS

3-3.1 General Comments and Auumptions

The stability analysis summarized in this paper is for a balloon tethered in a

steady wind as shown in Figure 3-2. The analysis is based on the linearized sta-
bility equations such as developed by Etkin (1959) for conventional airplanes;

BA
BALLOON CENTER

a° M

To T

0

0

Figure 3-2. Tethered Balloon System in the
Steady-Flight Trimmed Condition

however, these equations are modified to include the tethcr cable forces. buoyancy

forces, and the aerodynamic apparent mass. Furthermore, it is assumed that the

tether cable anchor point (Figure 3-2) is fixed relative to the earth and that the bal-
loon motion consists of small perturbations about a steady-flight reference condition.
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The mathematical model used in the present analysis is also subject to the

following additional assumptions:

1. The balloon and bridle form a rigid system whose motions can be cum-

pletely described with six degrees of freedom. M

2. The tether cable is flexible, but inextensible, and has negligible inertia

compared to that of the balloon.

3. The cable weight and drag normal to the cable are used in determining the

static cable forces and the equilibrium shape of the cable. The cable spring con-

stants (such as k~x and kxz) are determined from the cable shape using the anal-

vsis of Neurnark (1961).

4. The equations of motion are referenced to the center of mass of the bal-

loon. (The balloon mass includes the mass of the balloon structure, the buoyant

gas inside the balloon, and the apparent air mass associated with the balloon accel-

erations; hence, the balloon mass center is at a different location on the balloon

than the structural center of gr:.vity; see 1-Figures 3-2 and 3-3.)

5. There are four kinds of extý:rnal forces acting on the balloon: namely,

aerodynamic forces, tether cable forces, buloyancy forces, and gravity forces

(Figure 3-2).

6. The balloon is symmetric laterally and hais yaw. roll. an6 sideslip angles

equal to zero when it is in the reference steady-flight trimmed condition.

CENrER OF BUOYANC' ihr
. .- . - ORCE REFERENCE POINT,

BAWO cr --.

S • STRUCTuRA! E C.G.

T[THR_ CABLE _

I.rrr- --3. ;k .t h if t1, f lu Br m rlan i Ik ti" v.'im I'Prtir,.nt )iui senu-ional
Tllelati~nrsi:ips. A ll :ri-rr .,: . iro¢ I,iiintirijý inl thio pos.itive'{ .enge
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7. The steady wind velocity (V) is parallel to the horicon; hence, the x-stabil-

ity axis is also horizontal in the reference trimmed condition l)igure 3-2 aind

The preceding -issumptions are applicable for most types of tethered halloon

systems, especially for those which have relatively light tether cables. These

assumptions also lead to the decoupling of the longitudinal and lateral equations of

motion.

3ý-3.2 Stability Anah-airii

3-3. 2. 1 S'TAI3ILITY EQUATIONS

Thi- -tabilitY and equili briumn equations used in the tethered balloon anaislysis

are presented in Appendix X for convenience. These equations xvre derived byv

U ~ applying the assumptions and modifications given in the preceding paragraphs to ain

analysis sit-rilar to that given by Etkin (19t591,

The mass anid iniertia terms in the stabilitY equations include the apparent

miass of air associlated with the balloon accelerations fsve Eq. i3-A..\3f In c-Ontr.ast

with conventional aiirplanie analysis, the balloon analysis must include the apparent

mass because it :icc-ounts for a significant part of the total mass of the balloon

The coordinate sYstem and man. s of the leng-ths. forces, and fnoments asso-

ciated with the stability equations are shown in Figures 3-2 and 3-3. Note in

Figure 4-3 that the forces are referenced to an anrbitra--ry fixed point on the balloon

center line (that is, force reference point) which is niot generally located at the hal-

loon ma~ss center. Tlhe reason thle forces are treated in this rniinncr is that bo0th thf

rn.ss o~f the buoyaint gas and the apparent ma.ss are fur~ctions of atmiospheric deilits

arid, henicu, thle locittion of thle balloon mass center changes with variations in the

biilloon altitude. The halloon miass center ailso chainges r,- the paYloaid position rind

Wt-iglit are v;rid. l'tri., in solvjniv the stibiiitv equatio~ns, it i~q more convenient

to aise forve in p'ts Ito I hi comlputer p cogr;i's ma'h ich ;ire- referenre e to a fixod pci nt

o)n the balloon rather' th~in to ai varci ali'ms center. Theý cnomput er programs

auitormat icially transfer the forces from the refe rence point to the T-aiss center duir-

ing the solutinn c~f the *tabhilitY (utos

Although tile stibjilit'. e-qtit io-' show-n in Appendix 3i-A ;tre derive~d by assurninL'

that the huilluonn ia tethered in ;i ý'ti':dv wind to ain ~ii'tli-fixt-! :nelrwr ponint, th)Ese;

stabhilitY cqua~tion4 :ire, ajlso vailid for' the ba;llooni toweid ;it ;jconst int %elocity- oiveri

ho rizoretal S1ri itt(c
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3-3.2. 2 STABILITY CHARACTERISTICS

The longitudinal and lateral stability characteristics of the balloon are deter- -

mined Independently from Eqs. (3-Al) and (3-A2) in a manner similar to that used

in conventional airplane stability analysis as found in Etkin (1959). Briefly, this

method involves the assumption that the stability equations have solutions which are

always exponential in form. For example, a typical variable such as 9 is of the
form 9 ="et, where F is a complex constan't. When these assumed solutions are

substituted into the longitudinal- and lateral-stability equations and the de-termin-

ates of the resulting coefficients are set to zero, then solutions for the character-

Istic root (M) can be obtained. '-

Solving Eqs. (3-Al) and (3-A2) in the above manner gives six characteristic

roots for both the longitudinal and lateral cases. These roots may appear as corn-
S-_-- . plex conjugate pairs (that is. X = 17 ± iw) for the ocic lator mode -of motion or as0

pure real numbers (that is, X = 1) for the aperiodic modes. Tiaus, in each of the

longitudinal and lateral cases, it is possible for the balk.on to exhibit from three

to six modes of motion, depending on whether the roots are L.rmplex conjugate

pairs or real. Regardless of the numbe: of modes. however, the balloon system

is stable when 71 < 0 for all modes, neutrally stable when t7 = 0 for any mode, and

unstable when T? > 0 for any mode.

Cormputer programs based on Eqs. (3-Al) and (3-A2) were developed for cal-

culating the above stability characteristics and plotting the results. Some typical

results from tkese programs are given in Section 3-5 of this paper.

One principal advantage of the present analysis is that it uses conventional-

analytical stability methods to obtain the characteristic roots in terms (,f the wind

"velocity. The analyses of DeI-aurier (1971, 19721, on the other hand, requires n

unconventional methods and also a considerable amount of effort to obtain the de--

sired btability roots. These difficultied with the latter analysis result from includ-

ing the tether cable dynamics In the stability equations. Hence, unless the tether

cable dynamics are of appreciable significance, the pr sent stability analysis i_!

the preferable method because of the ease in obtaining solutions to the stability

equations.

3-4. TOW TESTS

3-4.1 Objective and Requirements

The primary purpose of the tow tests was to check the validity of the stability
analysis by comparing experimentally determined stability boundaries and periods

of balloon oscillatory motions with those predicted artalytically, To accomplish



this- ohiective, it -; ;c9'r, o s aio soth ?trwvin La: areai wl:ertn

winds were relat ivelY colni. l'ierelore. thc 2-mile skid strip at P atrtick A ir

F orce Blase, Il'orida, w~:--. isol tar the towu tcstý.

3-4t2 Deecriptioit of tine Btalloon and iTt -T it- \ %ppi'i(

'rhe test balloon is shown- tetnered ',, the 'ov truck in Figure '3-4; the balloon's

geomnetric, mass, mne.rtin, and aerodynarnic piroperties ore presented in Taible Ai- I

AND PAYLOAD

-,-TETHER CABLE

-LOAD LINK AND
-- POTENTIOMETERS

-A.C GENERATOR`

Figure 3-4. Test Balloon and To'x Truck

The basic shape of the bl-ilnon is sinrr iLar to the so -called "C bis'(Hlalloori con -

figuration, wi)th the exception thait the aift sectiocn is coni cal ;;r.d the nose is nearly

spherical. The essential componenits of the- balloon consist of ahelrium gas bag

constrLic'ed of Nv.lor. an,!'-']r in, and ''rgi (that is, not infl~itcri) tail fin aisseni-

lily constructed of Xt.ranid t'l- In, , h o'a!"d is also ýinlched to [Owltr par

tion of the bag which pevm!z iri~tion im t`.e 'i Litt.,ihiient ;point,< rnd, hne

makes it possible, to ch;,nge the ballooni t r-n angle of ;'tt.,ck. In ii p:,pt'T. fIeld

(1970) presents some of the technique!, usedi to ietetr.tn :e the .!' rod vn;',i c rela -

tionships listed in T:able :1, 1, anal' rosa~ gyivej' aI itori- ilit iile'i d'b-.nriptiorn of the,

bialloan.
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Table 3-1. Valuee of the Stability Parameters for the
7. 64-Meter Balloon with Instruments and Payload

Aerostatic Properties:

Force reference point (Figure 3-3)

a ......... ......................... ..... 4.63 m

Atmospheric density p ..... ................. 1. 225 kg/m 3

Bridle confluence point (Figure 3-3)
. 3. 44 m .J- tr..................."...... *............344r

Zt t......................................3.82 m

Buoyancy force B ...... .................. .... 190.4 N

Center of buoyancy

tb........................2.15 m
h 0. m
hbr. .........................

Reference area S ............. .................. 7.04 m2

Reference length 'E ..... ................. ..... 7.64 m

Structural center of gravity
7 t . . . . . . . . . . . . . . . . . . -0. '5 m

Sr

.h ......................... 0.38 roSsr . . . . . . . . . . . . . . . . . . . . . . . .

Structural weight WV's . . .......... ... 108. 1 N2

Volume V.......................... 19.00 m 3

Dynamic Masses and Moments of Inertia:

Apparent air mass (at uo = 0)
m........................5.11 kgM . . . . . . . . . . . . . . . . 5. 11 kg. .

x, a
m a . ......... . ................. 23.93 kg

Y, a Z, a

Center of mass (includes apparent mass)

.. ......... ........................ 11Urn
cgShe................................... 0.11rn

Mass of balloon structure and inflati6n gas gT . . 14. 24 kg

Total moments of inertia (at 0 = 0)

I .............. ........................ 16. 12 kg. m9

I ........................................ 170, 83 kg. rn2

I zz . .............. ............ . . 164.04 kg.m-
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Table 3-1. Values of the Stability Parameters for the :
7.84-Meter Balloon with Instruments and Payload (Cont)

Tether Cable Parameters:
Diameter dc ............. ..................... 0. 014 m .

Length t ............. ....................... 61. 0 m

Weight per unit length w. ...... ............ .0. 343 Nm

Normal drag coefficient CD ...... ............ .17

Aerodynamic Derivativen:

Derivatives are specified about the force reference point
(see Figure 3-3).

CL 0. 82(a, - 0. 023) - 5. 02(0io - 0. 023) + 111. 4(ao - 0. 023)5

SCL 0.82 - 15.0(o - 0,023)2+ 557.0(ao - 0.023)4

C 0. 0.089 

-a

SCL 0.685
q. R

CD 0. 0487 + 186. 2(oro - 0. 023)6

CD 1117.2(a - 0.023)5
a

CC -0. 0106 + 0. 1435

C 0. 1435

C -0.026 t

C -0. 189I-, pq, R

Sy0.0685
"C -0. 1435 sin a

pL.R
C-0.0237r.R

-+,-+c-o.t 0 .- . - . - =--7

C -0435si
[ :,.•

C 0
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Table 3-1. Values of the Stability Parameters for the
7.64-Meter Balloon with Instruments and Payload (Cont) q

C -0. 178 sin a -r, r It -A

C -0. !435

C 0.026

C -0. 0641 sin 2 of
n0p. R

C -0. 189n= n~r, H

Additional test items shown in Figure 3-4 include a load link used to measure

cable tension and potentiometers used for measuring cable inclination angles. The

anemometer (wind sensor) shown in the figure was needed to measure the speed and

sideslip angle of the tow vehicle relative to the air. Finally, the instruments

shown rigidly suspended beneath the balloon were used for measuring pitching and

rolling motions of the balloon.

Outputs from the above instruments were record,:d un a strip-chart recorder

located inside the truck, and the motions of the balloon were recorded by a movie

camera mounted on the truck top. Power for the instrumentation, camera, and

strip-chart recorder was supplied by an ac generator also shown in the figure.

There were several features of the test equipment and procedures which lim-

ited the usefulness of the tow tests. The primary difficulty was that the maximum

practical length of tether cable which could be conveniently used was about 61

meters. The reason for this was that the tow cable (consisting of the main tow

line, four shielded electrical cables, a small plastic tube, and an extra safety line)

would have been ton frequently entangled if longer lengths were tried. Also, since

some of the primary test data came from the movie film, the maximum length of

the tow cable had to be limited to provide good film resolution of the balloon and

still allow the use of a wide-angle lens on the mo,,ie camera. Additional problems

which limited the usefulness of the tests were that the maximum speed of the tow

truck was 29 m;s, and the tests were not corducted when surface winds were

greater than 2. 5 rn s. In spite of these limitations, however, most of the objec-

tives and requirements of the tov; tests w;ere achie'.ed.



61

3-5. RESULTS AND DISCUSSION

3-5.1 Presentation of Results

Typical results of the stability analysis and the tow tests are shown in Fig-

ures 3-5 through 3-9. Figure 3-5 shows the variations ii; the longitudinal-char-

acteristic stability roots (0 and w) with changes in wind velocity; Figures 3-6 and

3-7 illustrate a longitudinal and a lateral mode of motion of the balloon at various

velocities; and Figures 3-8 and 3-9 show trend stvdies which indicate the effects

of changes in tether cable length t. and directional stability derivative CuB R on

the instability velocities, -= •.

3-5.2 Modes of Motion

The calculated results shown in Figure 3-5 indicate that the balloon has three

cscillatory longitudinal modes of motion at low . locities; however, mode 1 splits -i

into two real nonoscillatory modes (w= 0) at about 13 m/s. The results also show

that the calculated value for mode 2 become- u.. .able above about 25 m/s since - I
parameter 77 becomes positive. -

In comparing the calculated results with those measured from the tow tests,

it appears from Figure 3-5 that the measured frequencies (wa) and the velocity at A

CALCULATED DATA
MODE I

16- .-... MODE 2
-MODE 3

SEXPýERIMAENTAL DATAw, rad/ sec 81- 3 ARROWVS INDICATEF A XEb,•NA AA-• .-
""NCREASING VEIOCILY

°- 6

-I AREA_ OF INSTABILITY 14 ), rad/ sec

.lsec~ -3 J2
2-5-

0 8 16 24 32 40 48 -4 -2 0 2

Velocity V. mr sec q, If sec

Figure 3-5. Effect of Wind Speed on w and r/
for the Longitudinal (ase (no- 6°0 t= 51 mn)
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the point of instability agree well v.ith those calculated for mode 2. Also. oscil-

latory balloon motions associated with mnude 3 were observed during the tow tests

at about 13 rn /c.

Note in Figure 3-5 that parameters w and t are plotted in root locus form,

with velocitN as the varying parameter. This alternate form for presenting stabil-

ity data is included for convenience in showing the relationship between w and •. -

Although the results presented in Figure 3-5 are for the balloon configuration

for which properties are given in Table 3-1, other balloon configurations were ex- --

arnined in the analysis and tow tests. The results for these configurations are not

shown, but were similar to those given in Figure 3-5. The comparison between

the measured and caiculated points of instability, however, were not quite as good

in many cases as that shown in Figure 3-5.

As a means of illustrating typical calculated longitudinal and lateral modes of

motion for the balloon, arn outline of the tethered balloon and its center of mass are II
drawn for a sequence of time intervals in Figures 3-6 and 3-7. These plots repre-

sent an isolated balloon mode of motion for one cycle of free oscillation at several

different velocities. Note that the longitudinal mode of motion shown in Figure 3-6

has characteristic roots -q and w which correspond to those of mode 2 in Figure 3-5. -

INCREASING TIME -

(a) MODE 2 AT V 10 ml s. A• = -.209 +.301 i

(b) MODE 2 AT V = 20 mt s. =-.10 r 1.07 i

CENTER OF MASS

(c MODE 2 AT VELOCITY OF NEUITRAL STABILITY,
V 25.3 ml s. A 1.24 i

(d) MODE 2 AT V =30 ml s. A ,062 -139 i

Figure 3-6. Balloon Motion for Longitudinal %Mode 2.
One cycle of motion is shown for each veiocity indicated

I

- - - --- '-S - .- -- - - -- .---- - -- - - - - - -- -.
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Focr the sake of brevity9 however, the lateral characteristic roots of the mode of

-motion ihown in Figure 3-7 are not plotted as a function of velocity in t0,18 paper.

INCREASING TIME-.

Of ASS (a M~ODE 2 AT V =10 alls. X *.0117 +.360Ot

1b) MODE 2 AT V =20 M1 S. X~ -.091 +.430

Wc MODE 2 AT V 30 M/ S, A~ -.112 +,465

Figure~ 3-7. Balloon %lotion for Lateral Miode 2. One cycle

of motion is shown for each veiocity indicated

Note that !Figiires 3-6 and 3-7 do not represent transient response motions

in the usual sense which would involve a full description of inputs, initial conditions,

and all modes of motion, The purpose of these figures is simply to illustrate the

* character of a single mode. 11bwever, it should be mentioned that the observed be-

hay if the biilloori at high tow- velocities agrees with the modes of motion illus-

ti Figure 3-6. TFhis reswilt is not surprising since mode 2 is lightly damped

or wrnttable at these velocities -ind, hence, dominates the motions of the balloon.

(A motion picture sh cn xam~plesý of all the computer-generiite' airodej of

motion represented in Figure 31-5, mid alsro the~ l;iteral modes of motion, was pre-

tierted in thle oratl viersion~ of this paper.

3-.5. Trend Sludy

TIYpical resqultH from the trend study are shown in Figures 3-8 and 3t-9. 1hese

figures represent only a small portion of the various stability parameters which

were considored in the study. Pa:rameters t and C 1 HarE prem-rnted. however.

becaune theY havi., nialmor effect on the statbilitv boundairies. t'he data presented

in thle two0 figu res jirec for the hailloori config iration given in I able 3- 1 excep, for

ypr.i ables ý. in F igu re 3-8i and C "S iti J1 igar :t 3-9.
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50 - LONGITUDINAL CALCULATIONS Y: AND

LATERAL CALCULATIONS ,0.- .
EXPERIMENTAL DATA -- yAND , j

40-/

-AREA O LONGITUDINAL INSTABILITY
S30 UNSTABLE - I -SI• ~ ~(LONGITUDINAL) . 0

-20
_ I,,EXPERIMENTAL REGION INVESTIGATED01

UNSTABLE lO0
10 (LATERAL)

UNSTABLE '. STABLE
S TA BLE

j 40 80 120 160 200 240 -.-. 2 -.1 0
CABLE LENGTH 1. meters C

Figure 3-8. Ef'fect of Cable L.ength on Instability Figure 3-9. Balloon Stability
Speed Boundaries for Various Later-

al I)ei.rees of F'reedom as a
Function o! Wind Velocity and
C n ,

T'he calculated results shown in Figure 3-8 indicate that tne balloon has a

region of instability for each oi the lon.itr,!tinal and lateral cases. Although no

divergent lateral oscillations were measure., during the tow tests, large lateral

oscillations of limited amplitude were observed when the towing speeds and tether

ci.ble lengths were vithin the range of values for which lateral instability is pre-

dicted. Based on this result, it is apparent that the calculated lateral stability

data are slightly conservative. Possible reasons for this minor discrepancy be-

tween the measured and calculated lateral results are that thE dynamics of thu

tether cable were not included in the nnalysis, and some of the jerodvnamic deriva-

tives used in the analysis may not have been very accurate.

The experimental results shown in Figure 3-8 confirm the calculated longi-

tudinal instabilityv houn,d i'v, at le;ist within the region of the tow-test capabilities.

A\,dditional experinent: l dtta ;,long this houndary could not be ohtained hecaruse of

the limitations of the test equipment. '[he balloon .,'s towed at velocities ranging

from 3 to 2f : s -Asing tether c.iblc lengths of 5, '33. and 61 meter-';. No lorngi-

tudinal or lateral rust;•hrlilieý: were found, except as noted.

"l'he sigiifi((Iint r'es'llt :ahov.n in I'igiure A 9 is a,;t thr. roll deglree of freedom

(0) carl bf: Plim rnated from the Ft'iit\ I'q. ('-.V') without "affecting the Qtability
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results appreciably. Also note that the values ofC hwiFgue-ar
Cn sowinFgr3-ae

specified about the "force reference paint" (see Figure 3-3) instead of the balloon
mass center. Thus, C,,can be negative and the balloon is still stable. When Cn

is transferred to the mass center. it can have slightly negative or destabilizing
values and the balloon is still marginally stable. F'or good lateral stability, how-
ever, itwudappear ta nathemass cetrsol epositive.

3-6. CONCLUDING REMARKSI

A summary of a tethered balloon stability analysis conducted at NASA L~angley
Research Center has bcen presented. The analysis was applied to a 7, 64-meter
balloon tethered in a steady wind and the results were compared with data from tow _

tests, On the basis of this comparison, it is concluded that the analysis gives good
predictions for the frequencies, modes of motion, and instability velocities of a
tethered balloon, at least for the configuration and ranige of parameters studied.

References

Bairstow, L. . Relf, E. F. , and Jones, It. (1915) The Stability of Kite Balloons:A
Mathematical Investigation, Advisory Committee for A1eronautics, Re~ports and

Mem o ra nd umNo

DeLaurier, James Di. (1971) A First Order Theory' for, Predicting the Stability of
Cable Towed and Tethered bli es Whiere thRe C'abl~e has a General curvature andTens-ion Variation, Von Karrnan fnsitutfe TTechFnical Note 6-8,

Del-aurier, James D. (1972) A Stability' An~alysis of Cable-Body Systems TotallvImmersed in a Fluid Stream-, N77ACHI2021.

Etkln, Bernard (1959) Dvnaisof Flight, Tohn Wiley and Sons, Inc. , New Yor k.Neuimark, S. (1961) Equilibrium Configurations of Flying Cables of C;.Ptive Uhal-loons, and Cable Derivatives for Stabhility Caulculations, British A , P. C. ,it7 \.

Redd, L. Tracy (1970) ATo~w~inTechnique for D~eterrmining the Aerodynamijc
Forces on Tethered flalIloonsPresented at Silxth A1~'f.7 S77-cientific. VaTIioon
Symposium, Portsnmouth New Hampshire.



-~: C

-- I 66

Appendix A

Stability Equations 4
The working form of the stability and trim equations used -in the tethered bal-

loon analysis are presented in this appendix. -

3-Al. LONGITUDINAL EQUATIONS OF MOTION

X-force:

+L-. (2c+ CD) . + Il xo..i L)

Z -force: a

, , (-lI .-: L t ° r k :l'• .-7 .
£P~ ( 2C 4 CL) i+ x . Ž (L+C)

Lzm z9"

q 1
L~t C 1  ~ q ~] + [~ +t~~+~2

I
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Pitching moment:

'[)(2mCm) C [- C cm C

I -force: -

+ I Oc 2 !. - Cyr k)] 1) 0 .- 3-AI
RolIng montnt j

L~~ ~ n' 'Y-L~ J L'f'C1

4 IE 1
-' Y m ]] my I

p%*1 [ k0 4qS( Y i f-)h+ky

Rolving rnioneiit:

2 k
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rk MIs hk T I sin 2
+ 2 1 0 + + IP~ IC n Cl n,,]

+k44 4. qS (cn.+ h k CD)J = (3-A2)

The mass and inertia properties used in the preceding equations are defined by 1-
hk ( Lr " g) cos (° +(tt. -h h) sinv 0°

hk2 .9(tt - h,) cos ° of tr - g) sin 0to

I x I Ixx Cos 2 Oo + I7Zz sin 2 aof 0

I = Izz cos2 a 0 + Ixx sin2 ao,

Z Ixx z

Ixz - 2 sin 2ao,.

= (Ixx - Iz) sin a0 cos a 0 ,

M [(br- g)B+(r +tc g)%Vs cos &" [(hcg-h br B

+ (hsr -hcg) W 1sin a o0

M S (=br Ccg) B + ( sr + 'cg) N% sin a0 + [(hcg hbr) B

+ (hsr hcg) Ws1 cos 6o.
OI

mx = m +( c(os ao + za sin at)'

my = mT + inLa" C. Yi

" = mT + (M sin2 ro + m Cos 2 ao) C (3-A3)

z T x a Z itI
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The tether cable derivatives about the center of mass are

Shk k hh k kk - hk k,Ox2 xx k2 1 I19 k7

k hIk kzhk k2  k~ h kc ~hk kZZ9z 2 xz kzz zo 2 1zx kzz

-
0 D 9 T

k0 0D+k01 -9•

22ko = hk k h h (k + k )+ h 2 k A
00D k2 xx kc2 k 1  xz zx k zz,

kLT hk (T 1 sin y,)+ h (T 1 cos
1 2 2

k 2k k
ky 2 - yy,

k h~kk
kIy4 YY

= 2

k = ky@.

=c2 (3-A4) + I
1 c 0

The expressions for kxx kx kzx kz and kv~ are given b-/ Neumark- (1961).

3--A3. EQUILIBRIUM TRIM EQUATIONS-•

The equations describing the equilibrium trim c( ndition of the tethered balloon .

system are -

q.0SC D- T1 C08 Y 1 0,

q•SC 1 + (B- W ) - Tl 0,
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q.0S-cC~ 4-(hk I, sin Y, (h T2os0 (3-A5)

~(tr t'g C9 Co a (t~ -r h cg~ sin of [q-~ SCL+ (B W I2 )

- [(ttr hg) cos oc Rtr It Cg sin a ] CD. Cm , S

(tbr tcg) B r + cg) a] 0

+ r(h g- h )rB +(h srh )gWs1 sin a ~0. (3-A6)

Equation (3-A6) can be solved by Newton iteration to find the equilibrium trim

angle & for various wind velocities, provided the aerodynamic coefficients CL,

CD and C are known functions of a . Once the trim angle is determined, thenD' m
Eq. (3-A5) can be solved to find TIand also, the ak-dependent stability coef-

ficients needed for Eqs. (3-Al) and (3-A2) can be cal.culated.

A
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4. The HUGO I I Tethered Balloon System
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Air Force Cambridge Research Laboratories

G.T. SchijeldabN Company

Abstract

The HUGO 11 tetY.2red balloon system is described lhoth from a developmrentalI

point of view and in terms of its operational capabilities and constraints. -
signed to provide continuous information on atmospheric parameters uip ic 2, 000
feet, with the potential of operating up to 4, 000 feet. the HUGO 11 offers a norr-
:,er of engi'neering innovations in the sensor, 'P.] and dz-th conditioiiirig ireas whic:1
may have application to other tethered balloon systems. Since the HUMG) 1xi I wIl hr

ii used in support of the Air Force Weapons Laborator Is TORUS E'MI' Test System,
it will be required to operate at night in F'AA- controlled airspace. Thle atpproach
to the nighttime lighting requirement will be described in detail.

4-1. INTRODUCTION

Thes Air Force Cambridge Ilesearch Laboratories (AV(I{Ii 6ave entercil into

a developmental program for the Air Force Weapons la.:boratorv 0 VWýkL). 'Fun,
program has as its objective to provide an atmospheric data nscastir'irg svsteri
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to be used in support of the TORUS Electro-Magnetic-Pulse (EMP) Simulator De-

velopment Program. The requirements of the system cover a mobile, self-con-

tained tethered balloon system capable of providing temperature, pressure, wind

speed and wind direction measurements at selected levels from the ground to an

altitude of 2, 000 feet above the ground. The system, known as HUGO 11, is shown

in its flying configuration in Figure 4-1.

Cf4. Cf S A'. A;

9 , % i gkr, ALON COYO.

,••"t! ••0 •"-.----,- ,.

/ -

A;):.4

Figure 4-1, Flying Configuration of the HUGO-HI

Self- Contained Tethered Balloon System

This paper describes rach of the major components of the system and their

development. The history of the original HUGO I system and some of the limita-j
tions inherent in that system are also discussed briefly.

The hIUGO II is being developed under contract with the G. T. Sz•hjeldahl

(ompany. Development was started in April 1972. The first flight and test of the

systemn is scheduled for November of this year. The system will be turned over

to ,'he AFWL. in D~ecember 1972.
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4-4. HIISTORY

The first HIUGO sYstein (Figure 4-2) was developed under contract with Vitro

Corporation in 1966. Tha~t sv sterm w~as designed to measure -wind speeds (wind di-

rection xas not mneasured) at four dis;crete levels: 10, 100, 500, and 800 feet.

Figure 4-2, HUGO I DeVelOpLd 6'.' Vitro Corporation iii 19C6

The 10-foot station consisted of an anernometer mounted onl a ground anchored

maT. he other, three stations were deployed at the selected intervals along the

tethr- c-inle, Qmich consisting of ;,three- cup anemonictcr and ,mounting ba-r. lRe-

caiuse of the relativelY fragile construction of the detachaible tail fins on the

34 00 f t3 balloon used onl HUIGO 1, the system was restricted to flight in winds not

greater thaci 15 knots in intensit,. (If an.Y one or all of the fins were damaged in

1fliOF.4, 'lie asterm. becamne unstable.

All foii! of tilie ailernemetvi-r st atieils were ha-.rd wvired Lo thle systemn trailer.

Tbis vwii ni brouight with it a numb11er of disadvantages. O ne of the biggest prob-

lems irivolvcd the handling of the signal cable itself, since ai wire from a station

could eaiyberoken, and this v.ould not he determined unt il the systern was fly-

inc. .*\ io, the svstenl lacked flexibility, sirice the meaisuring stations could be

aitacý:L'( orl- ait trie designat poitiorIs and] couLd not !)e ~n-ovecJ to sapl At other

l evels~. Another problen; involved RF zsourvces which, b)- inducing spurious signeils



74

in the conductor cable, caused erroneous readings. Located on the trailer was the
ground station equipment which proilded a meter for viewing the wind speed at each

level and a recorder which provided a paper tape record of each level. Because

the meters and the recorders could not both be used at the same time, the operator

had to choose between a real time viewing of instantaneous wind values and a strip

cnart recording of smoothed wind data. A further deficiency of the system was that

no shelter area for the crew was provided. (This came about because the system

could be used only under ideal launch conditions.)

The tether cable was 1/4-inch Dacron braided line. It was normally stored
on the drum of a winch located on the system trailer. The winch provided a powered A

inhaul capability: the lift of the balloon accomplished outhaul. Daytime safety mark-
ing was provided by flags attached to the tether cable every 50 feet over the 150-foot

point. A, nighttin'e the system was marked by red lights attachei to the tether cable

every 100 feet. These lights were connected by cabling attached to the tether line

to a small power generator on the system trailer.

The HUGO I system has been used on nur.,erous p' ograms and has satisfactor-

ily provided wind profile data to assiat 'n the launching of tandem balloon systems

and in dynamic launches involving large cell polyethylene balloor.a.

Despite its successful use with AFCRL large balloon launching operations. the
HUGO I system lacked the flexibility and performance capabilities needed to support

the TORUS program. For that reason, a new higher performance system was seen

as necessary, and it was agreed that AFCRL would develop such a system for the

AFWL.

4-3. BALLOON

The HUGO II system requirements specified that the balloon should be aero-

dynamically shaped with integral fins, capable of maintaining a maximum altitude

of 8, 000 !eet above mean sea level and 2, 000 feet above the ground when lifting all

required control instrumentation, sensors, lights, flags and the weight of the tether

cable. It had to be operational in winds ranging from 0 to 40 knots and be able to

survive in a bedded-down configuration in winds up to 70 knots. The operational
life of the balloon would be one year with a storage life of two years.

The balloon (see Figure 4-3) selected for the HUGO II system has a volume

of 30, 000 cubic feet and is manufactured by Airborne Industries Ltd. of the
United Kingdom. It has a 29.5-foot diameter and a 79.4-foot length, weighs 716

pounds, and is constructed of neoprene-impregnated nylon. Its hull is made of

two-ply material, while the ballonet and fins are of single-ply construction. In

flight, the fins and ballonet are inflated by ram-air scoops vrith nonreturn sleeves.
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I HI- INTENSI Ir PHOTOCELL

LIGHTCONTROL

NOSE PORT SIDE
HELIUM VALVE HELIUM VALVE

__BALLUO)N CONTROL UNIT 7
PRESSIJHF

FRESSURE L1-

BLOWERLSWI TCH A-.1 _
28 V~~U~V CMCON LCYRBL

RECEIVER.
DEC01'E R

NOSE TAIL I~USRC
UMBIL ICAL R 3VELA IW~~ RIA l. LOGIC
CONJNEV oRS

4
SATTEPY-. 2 4 VOC

LL

Figure 4-4. HUGO 11 Balloon Control Subsystem Block Diagram

The high-intensity warning light mounted atop the balloon is powero2d by bat-

teries in the balloon control unit. It is photocell- cont rolled and switches on at sun-

sot, c(ff at sunrise.

4-4. BALLU)ON TETHER CABLE

Preliminarv analysis to determine maximunl tether cable load considering

aerostatic lift, aerodynamiic lift, and drag on the balloon in its maximuni opera-

tional mode (40-knot wind speed) shows that approximately 1. 365 pounds are ex-

perienced as a worst case. Allow~ing a safety factor of 2. 5. a caýble %v ose mnini-

mum break strength is 3, 412 pounds was selected.

Four genieral tyvpes of cable were considered for the HUGO11C I systemr. of

which the first three are dielect-4c 0i non-conducting:

(1) Nolaro,

(2) Fiberglass.

(3) Samnson braid, and

(4) Steel rope.
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A\ll of the above cables satisfy the tether requirements, and each has advan-

tUges and disadvantages. Fiberglass cable has the highest strength-to-weight

ratio, while steel rope has the highest strength-to-diameter ratio. Nolaro rates

last of the four candidates on strength-to-diameter and rates second on strength-

to-weight. Fiberglass is unattractive from the handling standpoint, since this con-

struction is quite stiff.

One cisadvnntage of dielectric cable materials is the insidious degradation of

cable strength caused by strand penetration by dirt and other abrasive foreign mat-

ter. Although jacketing provides an acceptable solution to this potential problem,

it is relatively expensive and bulky. In contrast, steel cable is relatively immune

to abrasion. Moreover. it can be wound directly upon the drum without using a

traction drive. Use of steel cable is also the least expensive approach, since

winches for steel cable are about one-half the price of comparable winches for di-

electric cable.

Dielectric cables aro cenerally considered to be less susceptible than steel

cables to damage due to lightning and other types of electrostatic discharge, and

les likely to carry dangerous electric potentials. (Unfortunately, their use can

lull the user into forgetting the danger of conduction by wet and/or dirty dielectric

cable surfaces. Conversely, it is easy to remember and respect the electrical
conductivity of steel and the need for maintaining good cable grounding and cable

avoidance by personnel. ) Despite their electrical advantages, dielectric cables
were re jected for the HEUG() 11 application because they do not offer the operational

reliability, compactness of storage, and easy inspectability of ste;A cables.
T*he cable selected is the 3/16-inch diameter Macwhyte 7 X 19 "Hi-Fatigue"

,,rcraft cable. Constru.ted of 7 strands of 19 wires each, it is extremely flexible,

fa:tigue resist.ant, atnd widely used for mooring lines, slings, etc. The construction
s 18-,8 .t il,,;n .Steel. W•ires and :;trands are pre-formed or shaped to the helical

:a-,. the.% :-•suwr in the strand and rope, thus reducing friction, kinking, rotation,

f',nso.•p!ie'. .sn:nor3 :,re deployed at three heights in the HUGO II system:

I t gromn levwd 1 ictwillv 25 feet above ground level (AGI.)];
, . 10.)0 f, :.4 ;.: Ind

t' " 2,000 fe-,t AGI..

"r.- Iih', !- ,. ,niA i in.,l ind m.1y be varied as desired. Sensor distributions

I I r''.•t�'�;t ;li;'rull: (0 fo 8.000 feet .SI.) (2.000 fe.ct Ar;I. only)
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(2) Temperature (-40" to 120*F) (All levels)

(3) Wind speed (0 to 40 knots) (All levels)

(4) Wind direction (0 to 3600) (All levels)

Data from the cable-mounted sensors (1, 000-foot and 2, 000-foot levels) are

transmitted by radio to the ground station. Ground level sensor data are tral -

mitted by electrical cable. All sensor data are displayed on meters and r :orded

on strip chart recorders simultaneously.

4-5.1 Wind Speed and Direction Sensors

The HUGO II specifications require the wind speed sensors to have a range
from 0 to 40 knots with an accuracy of 2 percent or 0.40 mph, whichever is

greater, and with theshold readings of 0. 6 mph or less. Wind direction must be
indicated from 0 to 360 degrees with an accuracy of + 5 degrees.

A Climatronics Wind Mark III system has been selected for ground wind sens-
ing. Mounted on a 25-foot tower, the Wind Mark III was modified to obtain im-

proved threshold speed, speed measurement accuracy, and directional accuracy to

meet the HUGO system requirements. The tower is of truss construction incor-
porating a hinged base plate for deployment ease and three guy wires and anchors

for support against wind loads.

The wind direction and velocity (WINDAV) sensors, developed at the University

of Wisconsin for NOAA will be used to sense wind speed and direction at the air-
borne locations, 1, 000 and 2, 000 feet AGL. The WINDAV is basically a three-cup

anenometer with the unique capability of measuring both wind speed and wind direc-

tion as a function of cup rotation. Wind speed is measured by a simple tachometer

circuit whose output is a voltage proportional to pulse frequency and, thus, wind

speed.

The more difficult wind direction measurement is achieved by utilizing the

earth's magnetic field in the vicinity of the instrument. To do this, the WINDAV
relies on: (1) a pair of SONY magnetodiodes, which exhibit relatively large

changes in resistance with changes in the ambient magnetic field, and (2) a flux

concentrator mounted on one of the rotating arms of the anemometer. As the arm
cuts the lines of flux of the earth's magnetic field, the magnetodiodes sense the
varying local field of the flux concentrator. An ac signal is generated whose posi-
tive and negative peaks indicate alig'nment of the arm with magnetic North and

South, respectively. Positive zero crossing indicates West.
The ac signal is not sufficient in itself to determine wind direction. Also nec-

essary is the relationship (in degrees) between the magnetic reference point just
established and the azimuthal alignment of the wind vane (aerosonde) on which'tht
rotating sensor is mounted. To ascertain that relationship requires the generation

of three more electrical signals.
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The first signal is a positive zero crossing pulse designating the point at

which the rotating reference arm crosses West, That pulse opens the "gate" of an A

edge detector pulse counter whose output provides the desired relationship between

reference (West) and the aerosonde alignment.

The second signal, the once-around pulse. closes the counter "gate." As the

name indicates, it represents one complete revolution of the anemometer shaft.

This pulse is developed by a saturating amplifier circuit, which utilizes the output

of an electro-mechanical rotational motion transducer consisting of: (1) a light

chopper mounted on the rotating shaft and (2) a light-emitting diode (LI)) and

photocell combination. The point at which that pulse Is generated during a rotation

is a function of the aziunnth position of the vane.

The third signal is the pulse train that is "gated" into the edge detector pulse

counter m-ntioned above. It, too, is generated by the action of the light chopper on

the rotating shaft as it cuts the beam of the lEI). The latter device, In conjunction

with the edge detector counter, produces 360 pulses per revolution. Thle pulses

"itc ropertcd on in the logic circuit to det_.rmiine wind direction. They also provide

the frequency information for the wind speed measuring circuit. (Iecent circuit

improvements have rendered the above description somewhat inaccurate. The

basic principle is ,inchangrd, however.

1 func~tlonal block diagr;ým is shown in ligure 4-5. Note that the base of the

WINriAV. ilong with tile i.'it) and piotocells, is Hirmly fixed to and refcets the

ai, rnuthj] position of the witvi-oriented iaerosonde. Figure 4-b shows the

iLIX CONCEIM -RA aFý

- (i-0MAGNtETIC F-LUX

"/i'N CRH O 'S!rG -

D!AA-,II _+-( 6,

PUL'iLC "i F") -FQi

- PEO LE +-F -6V tJul4,.....q>.._ ... fl)Gi E IE1£C IOH! t V llfllV .JYf

jUTPUT 1360/1'EV) .. 6V

POS I f I'' - OV ... J[_

ZLHO K- CH- LV;Pin)

I II i , '•,'.1'\\ I 'HaYPjtlarIl I'j;a 'r' 1i
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relationship of the pulse train outputs for various wind directions. Referring to

that figure, wind direction is determined as follows:

'I) Open the "gate' to the edge detector (ED) pulse counter at the time of a

positive zero-crossing. (Reference anemometer arm points West.)

(2) Accumulate pulses in the counter until a once-around pulse occurs to

close the 'gate.

(3) Add the counts to 270 degrees to arrive at thc wind direction. (If total is

greater than 360 degrees, subtract 360 degrees.)

Case 1: (nee-around pulse closes the gate after one (1) ED pulse. Add this

pulse count to 270. Wind direction = 270 + I = 271%.

Case 2: Once-around pulse closes the gate after accumulation of 135 ED

pulses. Add this pu'Se count to 270 degrees and subtract 360 degrees, since the

total is greater thoan 360 degrees. Wind direction = 270' 4 135 - 360 = 45'.

Case 3: ()nce-around pulse closes the "gate" after accumulation of 240 El)

pulses. Wind direction 270 + 240 - 360 510 - 360 150'.

ONCE-AROUND OULSE l U

CAE #I CASE #2 CASE #3

EDGE DETECTOR OuTPUT r ll ll rl l l
(360 PULSES/REV) n1-n3 tLn- 13 5  -n : 2 4 0 •-n:360

ZERO-CROSSING DETECTOR _..J'L_
FORMATTER OUTPUT # 4 4

(POSITIVE) W N E S W
COUNTER OPEN

"GATE" CASE #I CLOSEL,

CASE -2

:AS #3 --.

I-lgijr'i 4 -6. AI INI)AV Pulse W,,veforyns

.4-5,2 PIren er tuid 'rin, rature •pim.urn

ThIe In. roid proslr ure Flielhoi Mt the 2, 000-foot station is primurily for balloon

:iltiýJdu - (l.tut' irm iatiorI. Iti rll.;,tltre ;u(, lt :ascll ;n'.y i'- 2ndi,

"I'li l . air fui rirp; t e ti viHor In lo;ti.r at cac: Iin iil( 1l1'Irng height rely on a

v,,ltud "And ijclah~ul d th,•rani~itor (VfN(( ;13A21). 'lutrrpl)2r;itutr' acxuriic:>, 1H i 0, 5'1'

nl lh a:ig',iti j I;114c of - ,10 to 120 " I
I-

,



+-6. ThIEMETRY AND COMMAND SUUSYSTEMS

Figure 4-7 is an overall block diagram of the airborne telemetry and command

functions. (See Figure 4-4 for more detail on the balloon control and command
circuits.)

CABLE
HI-INTENSITY CUTTER

FLASHING LIGHT MDI' VALVES

24 VDC
BATTERY BALLOON42MH

P~RCOMMAND42 H
EQUIPMENT

4- Y I2K'
PRESSURE SWITCHIES

FINITIATE TILMSTIO2
POWE COMMAND Y 421 MHZ

TEMPERATURE STAT IOTR2 2.28 GHZ
WIND SPEED S WXA 4

IL WIND IRECTION 1

WIND SNSORSEQUIPMENT
i i~'uic - rDOWNu .tznetl~c ~;~r

(See 'ig'rru -7) Jplirc. -7 tojmorytiarne1qittent Blocka 01;'ur *tii fIO A i

a cyntl down-rlink telementry !iut1&,,I Ii empof an 00:1re frequent. ]
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"The up-link radio command subsystem operates on a UHF carrier frequency

of 421 MHz. Tones on five different IRIG channels are used in that subsystem to

accomplish the various required functions: initiate telemetry transmission; power-

down command receivers; open pressure relief valves; initiate balloon d-3struct

action. Dual command tones are employed for all functions except command des-

truct, which requires three tones sequentially applied with time-duration coding.

Figure 4-8 is a block diagram of the aerosonde (aerodynamically-shaped

sonde). The two aerosondes contain sensors and telemetry signal conditioning and

transmission equipment as well as command rcceivers and decoding circuits. They

are battery"-powered and capable of continuous normal operation (1/3 duty cycle)

for a period of twenty-four hours.
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14 'iUC T(,

I

ALL Si,'E35YSTEM5

TM I Ml
F fiAtBFI F I1

L. EC f ;ER

I1%.uve 4-11, Acrof~uricc Mlock lDlagi';irn

.Igure 4-B also shiow- the two vQy irmportanfl tIrfT1-dt iV relays ('Tll)IL0) if the

('orim ai ld H1ubto ;tf ril. . wh r t .pO Yow ,'-Cdo irl fli ctiorI if, lfdtlitid, on01 '!JI' III a ir_'I--

;'t o d :"In r ':, iO "r: .: p w :•,. 'l ' 'rh n ,ll fi r u :t iou i , , ,x r 'e p t t hI Tl l 1 t1 4 0 rl , fo r " ;'

h('l( t .l I• fr. •u. fl,ghi t (3 sc,:co rIIs to ,5 m lj :itu:0. Th r: other "TIM( 1,af u mi , to tijiri ,)i
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the telemetry transmitter for a predetermined period (nominally 10 seconds, maxi-

mum 30 seconds) when commanded from the ground station.

Figure 4-9 is a block diagram of the functions associated with the ground sta-

tion equipment mounted in the shelter on the launch vehicle. The key components

are the command transmitter and the telemetry receiver. Four subcarrier dis-

criminators are used with the receiver; their output provides the signals for

sample-and-hold amplifiers which drive meters and a strip chart recorder. When

an aerosonde turns off its telemetry transmission, the most recent signal levels

(before turnoff) are maintained by the sample-and-hold circuits and are displayed

on the meters and recorder. If the meters are reading in real time, a-ijacent panel

lights glow to indicate that the readings are live.

TEMPERATURE GROUND E RSDR

WIND DIRECTION UNIT

RCER GET TMEN ERw•.oSPSE 1"1•N•. • I* I I/

• J TELEM. CH 7 , -- '-• MULTIPOINT

SILH It

SEQUENCE SELECTGENERAT O]

230 VAC, 1 0, 60 HZ

Figure 4-ý9. HUG( II Ground Station Equipment Block Diagram

"Tho chairt recorder gives a record of the pressure (where appropriate). tem-

p, r,,~r., wrind spe(,l :I ?1 dirk-ircion at en ch station. It has a single pen, hut up to

irfp ,t TW•i' tTI ýW r ) thii,,I-rmultiplexed into the recorder. Print rates is high
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as 16 samples per second may tie selected. Thus, essentially continuovs traces

are possible with the chart speeds used for aerosonde monitoring. .

The two aerosonde stations are interrogated automatictolly by command se-

quencer when the "start' switch is depressed. This tu-ns cn the command trans-

mitter and keys in the appropriate interrogation commano tones (for example,
• I and 5) for the first station. After a 0. 5-second delay. the Station I sample-hold

relays are energized and real time data are recorded for nine seconds. Then the

sample-hold relays are released, and the signals are on "hold.'" Next, assuming a

1-2-1-2 or 1-2-0-1-2-0 sequence had been selected, the second station is corn- -

manded on automatically. its data read out for nine seconds, and so on.

An interrogation duty cycle selector switch allows the operator to elect a 0. 5

or 0.3 (actually 1/3) station duty cycle. Selectiry t'he I-2 sequence, with a duty

cycle switch setting of 0.5, provides an actual ;equence of 1-2-1-2-1-2 and so on.

The same sequence selection, with duty cycle 4witch setting of 0. 3, gives an actual

sequence of 1-2-0-1-2-0-1-2-0, where -0- is a quiet period during which no tele-

metry transmissions are made and meter/recorder readouts for both stations are

aample/hold outputs. (The quiet period also allows insertion of the transmission

from a recently authorized 3rd cable-mounted station when it becomes nvailable.

individual momentary switches initiate "command receiver off"' and "helium

valve open" commands. Each of these switch clorures employs two command

tones, "Destruct, " or balloon cutdown, is initiated by a key switch followed by two

additional sequential switch closurus, where the operator must manually depress ?-

switches for a predetermined length of time.

The aerosonde layout is depicted in Figure 4-10, Basic construction of the

shell is G-500 Nopcofoam Corp, rigid ureth.-ne foam. A density of 4 pounds per

ruhic foot waH gelected for h-gh strength and low weight. The total .oam volume is

approximately one cubic foot which g-ves a '.otal shell weigh1t of approximately 4 .3

pounds. The shell will be formed in an enclosed plastic trold, in half sections, with

component mounting areas and clearance holes for fasterers and so fortit blocked

rioa M.i\'Ied IuT'fart-A ire relistiu-tiv hard and tou li, typically p)rovihlg a surface

stiei•th -)f approximrte)ly 60 pounls per square inch.

4-7, WAJININ(. I,I(;IIMMS ANI) PENNAN'r A

Ifigh-intcen•itv w;i'ri-rif, lights approved I ".'y F A :ive uiq'd for nighttime, opera-

tions. aihle nmounted ,it Vii3 (c!t. 666 fee0t and 1, 000 fert ;above the ground (this

;.' IIrInes ;a riignttirt' fligmht iititudci (i 1,000 fect A(1,.), they (,a b' se:nrl for dk:-

tiII(cH uip to 20 iules in 'lear w•:-tho'r. .A\fi adlitior.,a! light Is mouwoted citop the

i,:illoin. (,Ni ihttire rper;itionii vwere Iiiinitcd to 1. 000 fet-. ))v(ciiule the adli' timial1

lights for tht, 2, O00()-foot CI'pi.'ilitv cxVVdtecl] thi. wtight tUh bll.oo1 1 ou1 d h1i, 1d 1 .
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SC 4 eute):MD RECIuvu IIVER ANTENNA

SENSOR11 SATfERY 14reowired)

17.7

LWINDAV WIND SENSOR .0

Figure 4 -10. General A rrangement of the Aerosonde

Figure 4 -1 1 hows the integrated battery packi~light uniit configuration em--

ployed for the cable-mounted high-intenoity warning lights. The basic. light

(Symbolic Moiplays. Inc. *Hoskins I)ivision) was adapted from a standard sircraft

warning light and has the following characteristics:

Output 1, 000 candelas
Iaasil rate 40 flashes per mniiute

WAeight 1. 8 ponunds

Control Phiotocell (sunri se! sunset -threshold value:
25 footeardles)

Power 1. 5 amiperes ait 12 volts d~c.

'Iwo-foot square orange, uretharne- coated nylon pennants lalso FAA approved

;rid requirlcd) are attached by quick-fas-t~ening clamrps to 'die cable for day-time

flperatiolmFJ Tihey art, at 50-foot lnte~vals ýibo.'ev 150 feet.

M4,%AIN WINCHI

';'e IlI6C( ii .3 tuim U11iir tr"y -. Verll ý;rnu1l halm~u wilwahcN, 'esc-;lbei NI .5ec-

tUri ;-Ili, eirid One lolnj.e pow.ur'ud viinchl. 11w ile loi referredu to ;is the main

%.Ilo-h mun Is lc:4i(I to iitpilm-; Ali, to retri eveOilue ethepr calile to Whiic~h thle hallooll [r1nd
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EII©

•STROBE LIGHT

Figure 4-11. Integrated Battery Pack/Light Unit Configuration
Used for Cable-Mounted High-Intensity Warning Lights

at a continuously variable rate of 0 - 200 feet per minute and at 1. 500 pounds of

cable tension. This winch is composed of two units interconnected by hydraulic

lines:

(1) Power unit Engine and hydraulic pump

(2) Drum unit Drum, level wind, capstan, hydraulic drive.

The main winch has the following features:

Prime mover Gasoline engine, 21 hp

Drive Double capstan

Drive coupling Hydraulic - inhaul and outhaul

Cable feed Automatic level wind

Storage capacity 6,000 feet 3/16-inch steel cable

Cable monitor Footage counter

Brake Funk fail-safe

Drum drive Chain and sprocket with torque limiter.
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4-9. POWER GENERATOR

The power generator selected for the HUGO Il system has the following salient
V~r characteristics:

tEngirne WVisconisin VH4D), 4 cylinder, 4 cycle,

air-cooled, 22. 5 hp, continuous duty service,

I.12V battery, star-ter, 12V generator, quiet

muffler, fuel consumption - 2. 32 gallons/hour.

m ax.
115V generator Brushless, 4-pole, 1, 800 rpm

Power output 10 kN% ( 12. 5 kVA)

Voltage 115/230 V ac, 1 06
Frequency 60 cycles

Voltage regulation 2 percent

WVeight Approx. 9rP0 pouinds

Height - 33 1/!4 inches Length - 46 1/4 inches WVidth -27 inches

A 55-gallon drum will supply 'ue to the engine. A second drum may be lo-

cated alongside the genera-L-. 1Wi the event power consumption is lairge, as when the
rtrailer shelter air-,-onditioner is used. The generator will have wheels inst-iled

to permit easy moventent or. and off the launch vehicle.

C 440. BALLOON LAL'NCII VEHICLE

All components of the HUGO 11 system have been integrated or transporting

in one mobile unit called the ballocn launch vehicle. (Figure 4-12 shows the

vehicle in transport mode.

P, A two-axle, 42-foot long low platform trailer, capable of being pulled hy a
r five-ton cah-over-engine tractor, is employed. Mdodules for (1) balloon st-)rage,

(2) personnel' instrumentation shelter and 0.) storage facilities a-e mounted on the

trailer frame, The mooring mast rest',s on the mast base plate, which is also *

mounted op the transporter frame. A yoke assembly is provided for cradling the

hinged mast in transport mode. The skid-mounted main tether winch Is pertnan-

entlv secured to the frame, while the mooring dolly. and the dolly-mounted gener-

ator are lashed to it during transport.

i.Two small hand winches are also mounted onl the tr;ýnsporter. Four winch -

locations are shown in the drawing; thc.se are the points where the hand winches

vwill be used depending on the particular phase of ýhe operation: erecting the ma1ýst,

79handling the power generator, hauling the aft confluence to the mooring doll,%, orI

applying tension to the r~ose confliierwe linec, (ibviouslY, tnot all of these functions
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will oc':ur at the same time. The two hand units provide an effective operational
capability f',r a reasonp-be cost. They will -rount on studs at the points where they

are needed. Wood plates with stud clearance holes will be placed over the unon-
cupied winch locations.

The air-conditioned personnel shelter has working space for two per.9ns,

T mounting racks for the ground station components. and storage space for the air-
'borne sensor pods. Telemetry receiving/ readout and command eqjuipments are

arrnge intwocabinets. A tabP'top near the base of thesecaiespvdea
convenient writing and working surface. The shelter is heated with a bottled gas
heater. Power for lighting and for operation ox' the ground station electronic equip-
ment is provided by the 10 kW& electrical generator. A single cable with a quic'k-
disconnect connector links the two units. Inside the shelter, diatribution is initi-
ated at a 100-amp breaker box. A 230-volt breaker handles the air-conditioner'

load.

Figure 4- 13 depicts thre moored configuration of the IfUGO Ii system. The
8-inch diameter steel pipe mast satisfies the requirement for mooring tile 30. 000

3
_t balloon in winds of 70 knots. Outrigger supports eliminate the need for guy
wires. The mooring cone is of tubular aluminum construction and is attached to
the yaw;ý assembly at the top of the mast. The yaw assembly is a critical comspo-

nent of the mast, as it permits 360-degrnre rotation of the mooring cone, plus
pitch angle changes of 1 15 degrees.

The mooring dolly. Figure 4-14. is designed for attachment to the aft conflu-
ence poirnt of the balloon during mooring in high winds to rriinimn~ze vertical me'lon

NOSE MOORING CONE

MORN LMO.)INOSLWE

liPUre 4-13. lft'G() 11 Moored ('onfigu ratiorn

J
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cf the balloon. It has two large main wheels (7. 50 X 15 tires) and two small

-(8-in. dia. ) auxiliary wheels, parallel to and outboard of the main wheels. In nor-

mal operatior, only the main wheels touch the ground. Their movement is in the

direction of balloon sideways motion or yaw. If the balloon should lay over due to

-redaced lift, one of the small wheels will also touch the ground. The small wheel's

ability to rotate freely should prohibit its digging into the ground, an action which

would obviously prevent free sideways motion of the balloon.

---- ý --- CONFLUENCE CABLES

S/

? TON HAND WINCH /
S5 , x/

RUBBER TIRE -

C)'

--ROLLER

Figure 4-14. The Mooring l)olly Attached to Balloon's Aft
('onfluerice Point to Minimize Vertical Motion in High WVinds

The unloaided dolly can be moved into position easily by two men. It is then

loaded with 100-pound lead weights to a maximum of 1, 000 pounds. (i esser weight

m..a-. he deF irahle for light wind conditions to reduce y--.-nw inertia londs. )

The dolly concept depends for its success on the availability of a reasonably.

smooth surface :area. Although it is generilly easier' and more effective to operate

with a track and monorail type of mooring restraint, that concept vwas rejected for

11UG(0 II because it is not portable.

Figure 4-15 shows the iethod by which p'rsorinci and equiipment ire protected

-agaiinst electrostatic di schair-g'- from the c;,le as well --s lightning strikes on 'he

cable. Wlhen tfli balloon is ".cirsg r;6i:i:d or lowered the grounding cathlc clump is

removed f'ro)rm the cahle :a•nl c'lipped 'o the fa rl-l d a•'id endly. In airldition, the

shelter will be sheithe-l in :i steel ricsih !.ondie:d to the trailcr structure which i., in

turn, conne-cted to a -irn-id rod.
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SHELTER

STEEL MESH FHRCiL

-WINCH DRUM BEARING BLOCK FAIRLEAD BLtOC K--.

r/GROUNDING

e ,k _ AWG MO00

_ 0 STRANDEDS~~INSULAteD
-IRK CABLE ilyp

MESH-O1-FRAME BON lNX"

6 Fy COPPER G.ROUND ROD 1iI

Figure 4-15. 1IUG( 11 Electrostatic Protection

Lightning is recognized as L serious hazard to tethered balloon operations.

The ,tbove provisions will safeguard against ,,tatic buildup and will provide reason-

aole ernerrencv protection at'ain:-;t hgritning, hit thsy' ý-re no# designed to permit

completely hazard-free operation in thunderstorms. T'he time-tested procedure

for avoiding lightning damage is to bring the balloon down to the ground where pos-

.sible if a lightning threat exists.
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5. Comparison of Balloon-Boirne and Tower -Mountedl
Turbulent Wind and Temperature Sensors2
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Abstract

.Iri',.i cii'1 t~iitxtii it' -t mt,(tcirittrl to detf-rmine the s~ignifica;nt
]',~H Itj 1 5 '2I il it n't~i" ii ti :Itco~~1iriclion'Jarv tter. 'Plira laver ii Ice-

d t" roý.,hk 00oI .:(Ior.t) 't-(p 'kirtitt tlic? dtiy atnl 1000 to 31000 fe~et
lii r., ~q lt t r. Oft,' itt'mut (reitil'] ;it.'; :i~npeedti;vili are x

1. i-il fh' Ijhk, itt o 1001 'vel -itt' :ire obtit~iined frorn senrsorsq mounted on
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hound-are laver Th'Pe sairface frictional drag is a hasic cause of the vertical shear

in the Fiow. The combination of meain shear and turbulent fluctuations in turn gives
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tec!I-niques by, using cornvenltonat tower-riOUntCL! sensors for the surface frictonal

Wlayer and the British balloon-borne sensors for the bulk of the boentlary. layer.-

An, el~aborate jo)int prograi i s scIf-dultil A fr 11!7 3 over a hran zontalij uniform

siew\ eota, Ail i m ort ant as pect of tile prep a rat ion. far these expe rimrents

is the obvious need to asýsess the effecct of halioun rnovementm on the response

characteristics of the sensors.I
The purpose of this paper is to describe a set of experiments conducted at

Eglin A FB, Florida in 19"1 1 to obtain comparison data for the two sensing tech-

nfpues . 'JI h ss a jo:int effort xith pa rtlrip. Irts frour tihe Meteoroloiry Idrir

A- l"( ZPtL, thiIe Ac %ron nPce Ins t no nientation LI .aoortitor, A VC' P1., ,nd the ('a rdinip1 on

RAFI Meteorological Hesearch Unit (MI!).

The kri tish iInst rumentaition, conislajs o:' a- cup :.nenonietc r tor ri(-isani rig totiilII
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-1. )ii Th ai-i~' ir lu~di '* f :1 trt-au rl~r %inn '-Iliebh kv-o the

senlsors noiritel into tile w.ind. Ti, !tire- pack g,- it; cl; ni-i(Jn to fhc0 h.tljr udi~

the signifi Cant feature !.reing that the hot wi rt :`rray i-s rnouord. on, ,, 1i:1- u pendi.a-

''" "' . . -- *r-', a I ,ui~t w -tlin r'ep-inil(j.-;s m tilt in ike, i;aOlron r d .I

S)-it:. irom' thor thiree scrnso-s i!r procestsed to ot.oim luiuzonit:il urid %ertical v.ind

component I lzictuationý; and] I eriperi' irir fluctuntiorna.1

'hec AI-lif. ;iritnilroentaltioi cwilmaatti of a.-axi S01il, ;,!Iejiioriter whichi

proideri continuo"Is dataý oi- :Al th-tce -,iaid comrponerit~s aid ai ,lirr re.is! nc

therrooiorcter tOo terilp-r atone dta, I':a aenol Wei'c rr'ouriJtcd oirl f o
1)00015 zitacii.' to)- I 12 0 0-foot t0%.':nr ;ý I gln \1 H-Il it Ilriigii-i of .510 in! I0 : 0 tthut.

Ie ligure `-2, 1
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the -irio-!1Ss were -Z inplodi 20 ti i!nca per secondl for -ic Culoheatirm pornrio o~f onc

rr:'d ~ ~ ~ ~ ~ ~ ~ i icutl vil iri' i'.;r gIiril ý t oll v.iJ~o(I torv tion: ro ) if:-B()I,-'
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on Hic



96

Tv-

Figure 5-.. .VIHU Instrumentation. Wind inclina-

Fi angle sensor is on probe extending to front of

instrument, wind speed sensor on right, tempera-

ture sensor on left. Signal shaping circuitry is
housed in vane, batteries in box hanging on bar

The balloon was launched from a winch truck which was moved as close to the

tower as safety permitted. Early in the experimental period, the truck was 10-

cated 1200 feet north of the tower. As some experience with the operation was

gained, however, the truck moved progressively closer. Most of the data were

obtained with the truck about 350 feet north of the tower.

.•xperiments were scheduled for four different balloon altitudes: 1200, 2000,

3000, and 4000 feet. This wais done so that ,ubsequent qnalyses would permit de-

termi1ation of h-lloon cable movement effects as a function of distance between the

sensors and the balloon height. i'ifty cxperiment( were conducted during the ovcr-

-all experimcntal period.
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Figure 5-2. AFCRL Instrumentation. Three-axis
sonic is oriented into the wind to obtain wind com-
ponent data. Temperature sensor is mounted on
rear post of sonic anemometer

5-3. ANALYSIS PROCEDURES

Each data set was processed to obtain one-hour averages of various statistical

quantities chosen for their meteorological significance as well as for their value in

evaluating the relative performance of the two experimental techniques. As dis-

cussed earlier, we are particularly interested in the vertical flux of momentum

and heat. Accordingly, these quantities were the first set of comparison statistics

studied. Scatter diagrarns for these flux comparisons are given in Figures 5-3

and 5-4. Agreement within + 20 percent was achieved, a result comparable to

similar data sets obtained with like instruments mounted side by side on a tower.

There was, however, a systematic divergence in the heat flux comparisons at high

values of heat flux. This is most likely due to enhanced vertical motions of the

1... i u,,n , i nstnhle conditio, -

No other ohvious balloon movement effect has been found in these data: that is,

the average values of the vertical fluxes do not appear to be at all affected by bal-

loon movernent or even by distance between the halloon and the sensors on the

c,.',blI,. [ , prt, we feel l thi result nwust b. : nnatural outcome, since no (data' were
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Figure 5-3. Comparison of MRU and AFCRL
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Figure 5-4. Comparison of MRU and AFCRL
Measurements of Vertical Heat Flux

obtained during meteorological conditions with strong and lbruptly changing verti-

cal motions. As a re'-"t, the balloon movement, which certainly does take place,
was nearly horizontai. This does have measurable effect on the total speed sensor,

of course, but no significant effect on the covariance between horizontal and verti-

cal wind fluctuations (1oýafv- """ , ,•, bwrn vc-rticI wind and temperature

fluctuations (heat flux).

Another reason balloon movement effects appear to be negligibly small for

these quantities is that the time and space scales of the turbulent eddies contributing
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to the vertical fluxes are large compared to scales typical of balloon movement.

In fact. the entire data set clearly showed that the turbulent scales are large and

elongated markedly along the mean wind, so that we could not obtain suitably stable

statistics for comparisons unless the wind was blowing directly from the balloon to

the tower. The data shown in Figures 5-3 and 5-4 include only cases where the

mean wind direction was within * 15 degrees of the balloon-tower lines. For wind

directions deviating more than 15 degrees from this line, comparisons between
the two sets of fluxes showed much more scatter overall with differences of about

S40 percent or more. The increased scatter can easily be shown to be caused by
insufficient sampling of the large eddies and not by differences in experimental

techniques. Hence, only data for runs satisfying the ± 15 degree wind direction
criterion were accepted as being suitable for comparison analysis purposes. This
eliminated all runs with balloon altitudes of 4000 feet, which was unfortunate since
these runs should have displayed the least amount of balloon-movement effect.

Another statistic commonly obtained in turbulence research is the variance

spectrum. This is simply a breakdown of the variance of any time series which
displays the relative contribution to the total variance per unit frequency interval

as a function of frequency. Spectrum analyses were made for the vertical wind
component, w, the horizontal wind component, u, and the temperature, T, for
those runs with good wind directions. The spectral bandwidth obtained ranges from,

1 cycle per hour up to 10 cycles per second. We then computed the difference in
spectral estimates, normalizing with the spectral estimate obtained on the tower,
in an attempt to find balloon movement effects on the individual fluctuating quan-

tities.
The most significant balloon movement effect is found on the horizontal speed

data. Since the wind inclination angle seldom exceeds + 20 degrees, the horizon-

tal wind eomponent, equal to the total speed times the cosine of the inclination
angle, is quite similar in behavior to that of the total speed sensor. Lateral move-

ment of the balloon cable, in either a horizontal or vertical plane, must therefore
impart relative motion to this component, always in a positive. overspeeding sense.
This is shown in Figure 5-5, a plot of normalized difference spectra for the hori-

zontal wind component sorted by balloon height. A general overspeeding effect

exists over all frequencies, a tailing off of turbulent energy in the sensor at high
frequencies due to frequency-of-response limitations of the cup relative to the

sonic anemometer, and an unmistakable balloon movement effect exists over a

spectral region centered on a frequency of about 0. 3 cycles per second. This
latter effect is smaller the greater the distance between the balloon and the sensor,
the implication being that about 2000 feet separation between the balloon and sensor

in requtired 1.o skppcc•; :adequptely tlV -ffects of balloon movement.
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Three-tenths lIz is the natural frequenrcv: of the vma, smggesting that the cable

movement is indirectly causing a vane oscillation.
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•;imilar plots wereŽ prepared for the vertical win, ronlponent and temperature

fl-uctuations. itovwever, since the balloon movcment w~s prin.arilv horizontal, no

significant balloon movement effect is apparent for" these pArameters..

.\ more detailed discus;sion of these experiments is currently being prepared

an'd will be s:hbiitted to the Journal of ..\pp' ie l ,.vteorology for publication in 1 §73.
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S.--4, CONCLUSIONS

In summary, so long as the balloorT movement is primarily horizontal in na-

ture, balloon movement effects are essentially restricted to the wind speed sensor

alone. Even these can be practically eliminated by maintaining about 2000 or

more feet separation between the balloon and the sensor. Most important. the

Sturbulent fluxes of momentum and heat take place at scales of motion quite large

compared to the balloon movement scales, and utle therefore can sensibly plan

"boundary layer flux measurements based on the MRU captive balloon techniques.

In the field program scheduled for 1973, five British instruments will be flown -

simultaneously at heights between 200 and 4000 feet, while three AV.;CRL instru-

ments will be mounted on a 100-foct tower to carefully document the surface layer.
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6. Balloonborne Aerosol Particle Cq.ncentration

and Size Distribution Mensurements
R. Fenn

Air FL, 1-mbridge Fiesarch Laboratories
Bedford, Maw~chuselts

J. Ouichinos aiid H. Miranda
6Cm CorporaTion

Bedford, Masgchuieits

Abstract

An instrumnent was developed to measure the concentration ano size distribu-
tion of particulates in the atmosphere.

Sýircc Ihc corcenitrat'ioj of 1ti~iau-l aerosoils in the free atmiosphere above the
surface laver is less than I particle per cm 3 . extreme precautions have to be
taker, to avoid contamination from the instrumentation package, including the bal-
loon itself.

A free balloon f-light with this instrument was conducted in October 1970 at
W%%hite Sands 'Missile Range, New Mlexico. Several interesting aspects became ap-
parent from, this filight which are related to the dynamnics iof the balloor, flight itself.

In order to study these phenomnena. in more detail and to find somne possible
nieans "or their compensation, a series of 'lights on a tethered balloon w.ýere con-
ducted in the White Sands area in ?.larrh 197 2. Wkith this tethered balloon plat-
form it was Possible to flY a varietv of ascent and descent profiles with~ the instru-
ment. Supplementing the tethered balloon flights oni few occ3sion:5- were airborne
ineasurenitentzi of aerosol distributions from ; Ci-130 :iirrr-alt.

Various aspects of balloorihorne arrosol rnamea'irernenf: are heing rdiscuscsed in
their relationship to the balloon as the vehicle ard ineasurem rn o~ -Iatformn.

Preceding page blanK
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6-I. INTRODI)CIION

Advancerrent in such diversified scientific disciplines as air pollution research,

cloud physics, .,r' i ý.mospheric optics depends very much on the capability to mea-

sure the distr~hu r, and composition of small haze particles (aerosols) in the at-

Imosphre. I.' imber density and the particle size distribution are the two most

important parameters in these applications. Because of the extremely low concen-

tration of natural aerosol particles under clear atmospheric conditions and espe-

cially at higher altitudes, soecial care has to he taken that the sampling process

and the instrurnentat,on platform do not change or contaminate the natural aerosol

sample. Some of the problems encountered in atmospheric aerosol measurements

using free and tethered balloons are discussed here.

"The aerosol concentration and size distribution are of par-ticular significance

for the lit it s,.;ttering properties of the atmosphere. On the other hand, the light

scatterinF pr.3p.-rties of the atmosphere have been widely utilized to obtain infor-

matior. on the distribution of aerosols in the atmosphere. The principal advantage

of light scattering measurement.s over direct sampling methods is that no mechan-

ical contact with the particle is required, greatly reducir.g the danger o changirg

the aerosol sample in the measuring process. A second important factor in favor

of optical ernasurements is that opt•ical signals can eusii• be cola ei tel ifto ele•k-

trical signals which greatly simplifies the problem of data handling; in the case of

mechanical particle sampling devices such as impactirs or centrifuges, data pro-

cessing can be a major problem.

Theoretical considerations and experimental results .Kerker, 1967; Shifrin

and Perelman, 1967) show that only under very special conditions light scattei ing

measurements on a particle cloud allow one to derive the accurate particle size dis-

tribution, concentration and other properties. Much of the uncertainties and am-

biguity inherent in particle-cloud measurements can be avoided if the light inten-

sity scattered from single particles is mtasured. Such optical particle-counting

instruments are based on the principle that the particle cloud ,s sampled through a

very narrow light beam. Each time a pairticle moves thro-ugh thu light beam. a

pulse of scattered light can be detected. The intensity of the light pulse is related

to the particle size.

Several instruments of this type have been constructed and are comner, ially

available (Air Sampling instruments, 1966). However, few attempts Rosen. 1964

and 1968; Junge et al, 1961) have been made to design aerosol counters for high

altitude balloon measurements. Particularly during the last few years, the in-

creased interest in stratospheric pollution has created a demand riot only for ac-

curate nmeasurerrents but also for knowledge of the altitude dependence of particle

concentratior, and size.
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6-2. AEROSOL COUNTER PR1YkAI'LL AND DESCRIPTION

From theory (Van Deflulst, 1957) follows that the intensity Cf light scat-tered

by an aerosol particle into a gi.ler direction 0 is a function of the ratio of partic'e

size to wavelength, ri'X, and of th.- refractive indeyr of the particle mn. This de-

pendence on it, car , ie a So-urcr o *on~siderable error in size distribution rnea-

surements. The ab_ -lute internsity of scattered energy is a-ffecteao y ihE partik1'-s

retrictive ind,2. wt.areas tho angular variation of scattering intensity is much less

afectt'l. This leads one to the s.aggestion to observe the ratio of two different

forwvard b-zttered intensities aq a function of size parameter in order to reduce

the disturbing Faffe'-ct of the different refractive i "*ces of various par-tieless.

Fenn ( 19634) .sh,,ws t' at ol'er the size paramete~r range 0. 5 < (o -

(cort cspondinc to a pdrtic lp diam, r range 0. 1 p. m < d < I. p m wit- ). .

or approx. 0.63 jmn) it is theorctically pnssible to mneasu-e +'. -,,-,ticle siz~e by

light scattepring techniques with an accuraicy of 155 per~c t or L~

Th~e simultaneous rnezsuremient at tw~o forward scatterinit, angl.- ,also offvi-s

the c--)ýiderahle ad%-intage of eliminating errors d'Je to III.CTIuations of intens~ty of

thre LI1-ininating source or tlue to inhomogeneitics of illumination in the scattering

vol ume .
Tfhese xerfe *he conside-rationst on) which the design of ;; halloonhorne aerc,,u

counter was 'based. CSee F~gure 6- 1.

*0PHTcMLTIPLIER HOVSiNG

SAMP~LE VOLUME

W ~ COLLECriNG MiRROfl
OU !LET TO PUMP RSJREOItJN-

45. 
RSuiEOICSN_M IR RORS --

Aý-SWPLE INLET 'BRwSTEp tO' LEN A

~oo10" COLLECTIW4 LENS

HORN /~ FP TUflE
3eFCCUSltd

LENSI \5' \ O T~O MJLTPL IER

I igu Ij- 1. A'-rosol ýounter cjypti( l :-vi~tern

A\ h.AIiurn nricn kia ta;ise .11'j F , l r m , powter at . j(h . llurninate.' !he

1 ii~ itt It'r it ['oP 0 1 . i, --it scaittered i;% itro.Lol partiJcles eritermlg the
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A

Sampling volume is collimated by two annular systemns: (1) a lens for the lO-de-

gree light and (2) an off-axis paraboloid of revollution mirror for the 30-degree

light. The two beams are directed to each of two photomultiplier detectors. The-

unscattered direct light ;s absorbed by a Woodshorn. A carbon -vane ojilless pump

samples the outside air through the counter. rhe flo-., ratc is monitored by mea-

suring the pressure drop along a section of the flow channel. The flow rate !s in

the order of 3 to 5 cm Is. The average f'low.% velocity at the sensing volume is

3 to 5 rns. The minimium transit tinie of the par-ticles through the samrpling vol-

ume is approxiraatelv 100 to 2 5 GMs. The electronic system processes the infor-

mnation contained in both scattering channels. The data are digitized and recorded

on an onboard nine-channel tape recorder for later cornp.:i`r processing on th(-

ground. The ci rcuitrv accoo:;imodates a dyiami rii ryig f four- orders of miagnitcde.

In addition to the optical data, several houseokeeping furictions such as altitude,

temperature, and las;er output are being -samnpled.

The Lserosol counter c:an Ibe colibrated with variouM r'iornodisperse tfest particles

of knowrn size. shape, and refrartive nd-x. lKxcellenit p: rticles for this puirDose

Ire polvystyrene latex sphiere-' su~spt'n(I'd it- waterI. Thebe p~ir-ticles arc a'Ailable

in ;everal siises from Dow (hen~i':al. I igure i3-ý. Ahows an example of the re-

fpaonsc of the ý.e' ). ,~ vuuiter to sumt ilttix piirticles of I.,~ diameter size. The

calib ration ninch rtes !hait thbe counter aurn a c~v is a roound 1 0 percent. The ac~tu,,l

pa:rticle size i-- derived evunt"ually ")N using either tihe absolute intensity of the -

scttrcd pujlse o'- thei~ic rdt of the tw.%o anugia r signal1.

LL

of
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6-3. BALLOON FLI;IIT RESULT

The first balloon flight of the aerosol counter was conducted on 28 October

1970 from the White Sands Missile Hange in New Mexico. The pressurized opti-

cal housing with electronic chas. is and power supply were mounted in an aluminum

frame gondola whose sides were covered by reflective aluminum panels for tem-

perature control of the instrument (Figure 6-3). The total payload of the gondola

package was approximately 500 pounds. The payload was flown on a two million

cubic foot balloon. It was connected to the balloon by a 500-foot letdown reel

IFigure 6-3. Aerosol Counter Gondola
During Launch Phase

which was released after lauinch. The ballast for balloon flight control consisted

of 0. 4 to 0. 6 mm diameter glass beads which were released downward from the

instrument gondola through a 10-foot long flexible hose. Since the fall velocity of

spheres of this size is >10 m/s. the possibility of entrainment of ballast material

into the ;ierosol counter was negliginle in ascen! and even during descent. The bal-

loon used for this flight was free of the conventional starch dust (used by manu-

f:;cturers to avoid sticking of the balloon in packing). Special care was taken
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during balloon layout and inflation to avoid dust contamir.ation. The launch occurred

at 1402:30 UT (0702:30 MST) from Stallion, White Sands Missile Range (coordiln-

ates 33 049'N, 106'40'W). (See Figure 6-3.) The balloon reached a peak altitude

of 23. 8 km (78K feet), following an east-southeasterly trajectory, and landed at

2100 UT (1400 MST) between Roswell and Artesia, New Mexico (Figure 6-41.

/ BALLOON TRAJECTORY. FLIGHT 70-66 I
28 OCT 1970, WHITE SANDS, N.- -I

80 -

4 -

1400 1 _00 1800 2000
TIME (Zhr)SSOCOARO

S34' rr--LAUNCH

STALLION i
1402 Z.

S\ •_CARRIZO& ,

;455 OSWF.L~- 50- I
.O 5 521 15", i bALI. IMPACT 1

1741 31j7200~ 203
33* ýnnl 1901 P L0-r- IMPACT21_1

3' 16 3 0 1051 30'1

Figure 6-4. 13;illbon Trajectory Flight Hi70-66,
28 o)ctobei 70, Whaze Sand3 'Missile IHange.
New Mexico -,

Figure 6-5 shows the vertical distrion tion of the total numger of a7rosol par-

ticles between 0. 2 and I Ain diameter, as rn( i'sured in this talloon flight. The

aerosol counter wa~s remotely stdrted dt 2 '',i dtitud(: tiovc- ground ievel in order

to avoid dust eontarnhnation during the 1.,, unch proceg!;. The lack of asrcent data

between 2 and 8 kin and :ibo;e 15. 5I km waý, Jue to extrcri)Cly stri.ll or nugative

flow ratlef. This condition is r-au.•ied by the exp1 i)riion of air in the sample charnbor

during ascent ac ';,e :istrument moves to regions of decreasingl; lower ambrient
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AEROSOL CONCENTRATION
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Figure 6-5. Total Aerosol Concentration

pressure. The er. ors in particle number determination due to this effect become

particularly largc when sudden changes in the rAte of ascent (or descent) occur.

These changes are associated with droping ballast in the control of the balloon

flight trajectory. This "exhaling" and "inhaj'ng" effect of the sample volume and

resulting errors have been mentioned acsc, by Rosen (19^7).

"The vertical ;Aerosol profile obtained in this flight do-,, "how the characteristic

features of tCe 20-krn aerosol layer found originally by Junge It al (1961) and

since confirmed by many other experiments. The total particl, concentrations

measured Plso agree with data o)t;ined earlier by other experimenters.

For cacti of the d(ata points indicated in Figure 6-5 the particle size distribu-

tion was obtained. An example is shown in Figure 6-6, which gives the size dis-

tribuWin of particles over the size range from 0.2 to 1 rn diameter for the alti-

tude intervi,! frnm 10 to 12 km during ;isrcnt. The ditstribution follows very

ne,,irlY an iriversL nwer lavi with exponent 2.7, in agreement with reEults obtained

by other investigators. A (.ornposi e of the smoothed size distributions for all
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altitude ii,tervalfa Is 8hcown in Figure 6-7. The result,3 show a consistent differ-

en-'e in the a3istribution function between ascent and descent data. The distribu-

tions obtained riu-ing desc~ent show a deviation from an inverse power law, wit). a

deficioncy of small ar~d large particles compared with thosc fromn ascent. In gen-

eral, the distributionts fall within inverse power law distributions witn exponent 4

2. 9 and 3. No explanation could be found yet for the differences betwe"en ascent

aind descent data. HOWever, .qMall differences between ascent and descent d"'

w"ere encounterecd :-lso mearlier ;nv.e,;ngiationr. !,,.v . 1954, ! 9 65*1, and l9Idb)

and hIjnge ct ;il (1961).

The disvrepan(ies are niac h more )ronounced in the s1ize rdist.ihution Mnca-

surenientb thanl in the totid psrticle con-.entratiorns. A number of poysible reasm)n,

e-xist for these discrepanciec4. The riartiCle Counits may be accurate, but the arn-

jijent aerosol is disturbed liv the balloon erivi ror~riiefit: or the particle: coui~ts Lire

incor rect hecanis e of the effect of va riabile flow rate and othior fi ctors oni the

H; mph rig ain(! coUntinif Savtefrr.

A geri' s of tethered halinon flightaq wfFrn planneird in th'ý hopie that rcpo-ated con-

!rolled aam ents and dea c-enl!, (mildl provide. sowie i Id ira! oni of the effect ol the hal -

loon or of the fli gni vrofil aico the C a c rosrd couit er.
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dashed lines are dcs-ccrnt data. Altitudes arc in km.
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These tethered ý,alloon flights were conducted c~urin~g the last week of March

and first week of .'~'97? ql fh'ý 'ACRL tether balloon site (Fair Site) in the

WVhite Sands area, New Mexico. Figure 6-8 shows the balloon gondola arrangc-

ment. During the preflight days and the checkout period the instrumentation pacie-

age was subjected to severe sand ind dust contamination,

During the balloon flight period we Rlso had available aircraft measurements

of aerosol par-ticles collected bya lluy u cuuitei- un anr AF C- l3L aircraft. The

l~oycr' co-int-j- is a commercially available photoelectric aerosol particle counter

w~'i~ch mre. ures particles in the .size range from about four-tenths to several nii-

crorie. This aircraft flew level paths downwind from the ballbon at various alti-I' tudes to obtain measurements coinciding with the balluon measuremrents.

Because of limited funding, only .t few of the balloon data have been reduro'd

complelel- at this time. Fig ire 6-9 shows the balloon flight profile for the flight

o~r 30 Marrýh 1972 with the correspon rding C- 130 aircraft samples. The rate of

ascent and deuscent lhetweP'. [he level portions was between 250 and 300 feet per

mninute. Unfortunately during this flight, as well as during all other rlights of the

test series, the horizontal wind velocity was always greater than the vertical
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Figure 6-8. Tethered Balloon Flight I
balloon velocities, so that no clear answer as to the possible balloon effect on the

measurements can be expected. Nevertheless, a number of intfresting resul•s

were obtained.

/I

0 0

0 I
I- * • •-- . 'I

•: • zI- o oI

I oc ROYCO MEASUREMENT

SI • . TETHERED BALLOON

- COMPUTER ANALYSED

1400 14 30 1500 1530 160'0 1630 ?00

LAUNCH GMT

I ig,' re 6-9. 1 I1gWh l 'zofilc of 'Yethered ; ,'igit on ,;0 ,%av 1 072 I t

'."hite S;irds. Sq~ zaret arc '- 120 ;,ircr;:ft H,.co (ointfr rI_,:1-
', orenPrtS



1 13

Figure 6-10 gives results for the flight of 30 Mlarch 197 2. It shows the total con-

centration of particles as a function of altitude. The crosses are C- 130 aircraft

measurements; the dots and bars indicate corresponding balloon jn~ asuremnents-;

the arrows indicate asc~ent or descent.

soF
60 AEROSOL CONCENTRATION 4

I- ~30 MARCH 1972 -
40 - WHITE SANDS, N' -

2 O 10

x AIRCRAFT MEASUREMENTS
o-TETHERED BALLOON MEASUREMEN-S.

2 3
ALTITUDE (km)

-Figure 6-10. Total Aerosol C'oncentration P1rofile

The aircraft samnples taken at the aarne altitude vary considerably, even

within relatively short time intervals. Por instance the 'ý.easurements at about

2-kmn altitude are onl';- about 7 minutes apart with sampling times of 2, 8 minutes

each. L)urirng ,'his time interval the aircraft travels a distance of 8 to 9 miles.

The- ;rnimpes, therefore. represent a ;patial and temnporal avrraW~f. ()n the other

hmnd, the balloon mn~asurenicnts represent time samples of approximately 5 min-Lutes each with horizontal wind velocities of about 10 miles per hour, thus sampling
from a streamrline approximately 1-4 mile long. These differences reveal our

lmrck Of Knowled)pe about the fineý structure of the atmosphere and illustrate the dif-

ficulties involved in retriev-al of aerosol variations withi!a thfe range of these vari-

ations Aw1ich (-arl be well 'v.ithin a lue-tor of 2 or :1 or even much highe~r as obser'.,u

l-igure 6- 11 s1Io'.v tie par-ticle size distrib~utions moeasured iat thi. :3. 6 to
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Figure 6-11. Aerosol Size Distribution

with a prorourced peak was found in all samples for the 30 March flight and aZ.:o

in the samples of the 31 March flight. Since the aircraft-based Rovco counter

only responds to particles >0.44 m.i, a comparison of the size distributions is only

possible for particles above this size. In general. the aircraft measurements

show a size distribution somewhat .sceeper than the balloon data over this size

range. ke can give no explanation at the present time for the bimodel size dis-

tributions derived from the illoon measurements.

6-4. CONCLUSIONS

The internal consistencv within the d ta derived from tbe ballool. jrrte aerosol

comnte-, in free balloon flight ascent and de._cent a5 -.,,ell as in tethered Hlights, ":nd

by comparison with simultaneous aircraft measurements is within a factor of about

2 , - 3. Variations of this level, however. are also within the range of normal tem-

po-al and spatial fluctuations of aerosol distribution5 in the atmosphere.

The li -tWed dasta wich rave been evaluated indicate the difficulties or e en-

counters if one atternpts to correlate aerosnl nea.,urenients conducted on a scale
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equal to or smaller than that for the natural aer, sol inho-nogeneities in the atmo-

sphere. One might choose a statistical method bv averagi!i over a large 'lumber

of individual measurements to eliminate natural v. riation", the aerosol.

Any atte.npt to resolve variations in atmospheric aerosol distributions which

lie within the natural fluctuations from a few indiviC.ual measurements requires

considerable effort, taking into account not only the instrument performance itself.

but also its relationship to the test platform.

We are. therefor, considering that in future flights we conduct some measure-

ments of the vertic ,nd horizontal wind componenits in the gondola environment.

It also would be important to meaz'.v,, the electrostatic charge on the balloon to

study the po',sible effect of particle collection. As the demands for predicting the

effects of various pollutants on the environment and on our performance within the

environment increase, the need for careful aerosol measurement programs and

for well-defined research experiment platforms such as balloons or aircraft will

be stressed more and more.
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7-L INTRODUCTION4

A number of organizations within the Air Force and agencies outside the Air

Force such as NASA, the Department of Interior and the Departmtrnet of Agricul-

ture have expressed an interest in having the capability to suspend -i payload over

selected points on the ground for long periods of time. A. 0. IKorn of Air Force

Cambridge Research Laboratories iAYC'RL) developed the concept of a powered

balloon to fulfill this requirement. .*\CHI. has studied (both in-house and conitrac--

tuatllv) the icas ibilitv of providiniz . propulsive force on an unmanned, free balloon

to aiccomnplish a high-altitude hovering or loitering mnission. These studies show

that such a systemn ,s f,ýasible at altitn'lez ,,ear 60, 000 feet over a number cf arecasI ~at .selecten timn- of tk-: . tuar.

T!-e entire concept of powering ;; free balloon is dependent u~pon what we call

th e ''minimum vind field.' A number of investig-itions in recent years have beei1

devoted to the phenomnena of rr-axini-urn winds in the atmosphere, especially thore

related to ietstrearn activity. Minimum and zero wind fields have received less

attention, aipparcntlv becaime they itre of little operational importance in the per-

formance of most aerospace vehicles. Minimum wi~nd fields are, however,



extremely pertinent to high-altitude free balloon applications, whenever It is de-

sirable to obtain maximium flight duration with minimum horizontal movement from

a fixed geog~raphical location~. Fig-Lire 7-1 shows a simpli'led pattern of the winds

120 - -20 -4 -502

........ .-- ... ........ 1...........

SO ~STRATOSPHERIC EASTERLIES -
qzpt.

60 Cs-20J

.o q

0 TROPICAL EASTERLIES

90 80 70 60 50 40 30 2C 10 0

LATITUDE 'degrees)

Figure 7-1. Simplified Pattern of the WVinds

which cause this phenomenon. Strong westerly winds beiow strong eatiterly Wiends

result in a transitional area where the winus are minimum (Figure -1). Withlin
- J this layer there are levels where the winds are essentially zero. Details for the

useful appli,-ation c! tnis phenomenon are explained later.

7-1. HISTORY

For several years the Aerospace Instrumentation Laboratory has been flying

unpowered ball, n thi ;mirnimum wind layer to study, the striwture of the mnini-

mumr wind fields -id to see if it is ooEsible to keep a flight siystem over a point on
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the ground for extended durations without propulsion. These tests have been en-

couraging in that we have been able to keep i balloon within a 100-mile radius for

up to 100 hours (see Figure 7-2). While the balloon is flying, rawinsonde data are

used to find a desired wind region. By ballauting or valving we can use the winds

to stationkeep.
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F igure 7 -2. Hovering Balloon Flight Track

The concept is shown pictorially in Figure 7-3. The flight systern (with its pay-

load attched) is 1zunched in the conve:tional manner. It ascends to ihe minimum

wi-nd .ayer unpowered. Upon reaching the min-wind field. 'he motor iW turned
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POWERED FREE BALLOON
• lF,?F E F LIGHT '

.70 K AW!N C,
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.60K,',
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LJ

--,. VALVED
DJOWN

IRECOV LRY

Figure 7-3. Powered Free Balloon Schematic

into the wind by radio control, and stationkeeping is accomplished. After accom-

plishment of the mission, the piylcad is recovered.

As a result of this work, a contract was awarded to Goodyear Aerospace

Corporation to study the feasibility of supplying just enough thrust to r,-ver all the

wind drag on a pressurized balloon and to perform q parametric study to design an

economical system for a flight demonstration. A system was designed for oemon-

stration purposes that uses conventional tree balloons and existing hardwire and

launch equipment. This program was funded by the AF(/Al, Laboratory Directors'

Fund. The demonstration is designed to carry a useful payload of 200 pounds to an

altitude of 60, 000 feet for 24 hours. It has a powered flight ditration of 12 hours

(50 percent duty cycle) at a speed of 15 knots and floats without power the rest of

the time. Figure 7-4 shows the gondoc- during t,:Iti'ig at Akron. The propeller

is 36 .A in diameter, and the gondola weighs 3500 pounds. The rudder is 8 feet

9 incheii high and 2 feet 6 inches wide.

The system was flight tested at 1lolloman A.Fit, New Mexi-.o or) 16 September

1972. After three hours of powered flight, the rudder separated from the payload.

and the flight was terminated. In the three hours of poý.ered flight the concept was

proven. We were able to move the balloon against the wind. 'Ihe cause of failure
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1 .ur7-4. I'owe red I ia Ilocon G;ondola

is being investigated and lelieveO to tbe faitigue failui'e in a 2-inch diameter tube.

Trhis is bmechinical problem ard ndot a corncept flaw. Current plans call for a re-

flight in Novemnber of thi-a year.

Because the powe~red h~luonn, hvrni:,ftrr known :is I'flPBAI.. is, after all, an

unmnanned remotely controlled at~mosphe;-ic vehicle, its performai~ce must inevit-

ably be comrpared with fiOL cup:iliilities of drone aircraft. I-:ven a generalized corn-

parison, however, is coinplicnitbd h_ý the- need to place the latest experimental

drones -which have reimarkab~ly inip Jrov(-d curd urarvce and altitude - in a category

apart from the othf-r fi'<edJ-Wirg -inccdiii ,r~ift.

In altitude, for examrlple, on;Ut d ran)-,. at, '- i iited to ecu Iinrgs well below

60, 000 feejt; hit t:Ir! n!i''Ira I . V] ,, MY) fe at inr the same atmospheric

regionsc a!; P(0 )JO' I
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1 122 omi in tile range of 200 pounds are typical ofboth POBA!. and drones.
r

-1 heei tlenict oedrone lirc~raft thait can carry 7 JO-pound payloads. however.

It s i PMIA'sunique cobnto fmission -rtorne n pe

thp'c its, hrceitc differ rmost radically from a.iy drone. Atog meit

i- goals for carrent drone development ~ire men-ea ied endurance, high altituide capa-

hilit\'. a ad slow speed, the fixed-wing drone ai -craft is basically a high speed.

long range, qhort duiration vehicle compared to P()BAI.. The phenomenal 36-hour- -

tenuur:inccf ituceitiv reported 101 ;Ell ;cdV:i need1 xperimenti~ll drone is twice the en-

durcEllie of its nleare.4t competitor; conventioevil drones typically have durations of

a few% ucincitesi. In contras~t, the PHBiAi. inis! ion endiurance is onle week or more

w itli fuel cell power a ind twventy cia'.s to -,everial mionth a with sola r cells. 2

Rtange, for most cdrone-, is ma eaý-ia red Ili hand reds of, minles, %%Tereais P(), i-

is specificý,Illv designed t o, rema.:in wvithip. aL very, few mile radius ol" a ciesignasied lo-

ejtiori, vwhile it floats mIove 60, 000 feet tic' jgliolit its prolonged mission. A

I i-one iel icopterc obvious ly wouldt haive a si ainiir xhoverciing eapahi lit%. hut its ceiling

%lv.:ro vnald hc' verv lov.. nd it,; ciaration Ic(snblilnhvW would he lIrcilted by a mur~ch

fl reater power(ý rc!quir-eiiert than I" rtA I.

There aren ;it least two other pritctioal consi derittions. Unlike drones, 1101BA I

is linmited to op eratio' ducring the sfec ~rn M1 minimamn" hligh- altitude Winids. itLid

tice g r-;ct 7daut on the other ha rid, th-0 1,a laon payloads anIl Ibe configurned in

al most a in sliape anc~ ýohame and need ciot conforiii to thie stringent design specifi- A

--tn Car q1tirc(.d lor ltr.gr.;Itiocr '.',-tl cicrir:e iaircraift.

i-c ce sci-rL*rr f-ia Teqaiir~nqg nra !rr dfive'. eirir retal wokin order to

;c;iar ýve r ,c- o per-:rtoi:11i t Wi ) 17 A llvt-Ic; .!-- r e i- i t follow.s;

(aI) I )-v."(,i aco If I( itWcg Io. 1" ;-~ii i i1stI -rr

(dc)I i Pe e -c tp I-'c If Itiicr- i ' Ic I ci: I ;,4 1) 111 tii

G.) !)Ir,-I-)ric (,cIa t cof -c;:ý 'tcv , (.qll:I).(i

(I l tv.o c-csi (ri i-r rilmi thc'. ins?-; i' lrriie fort cII tie(- d'levioprrcrrt of aI

a i Ar di J A. I 5' ~i;I c,- I il( 'ir- ij 1iof I ir al c

P., %%,- r ''I' ,n ;-n t ic ri ikl, .imicic jjar -c
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for a high altitude, long duration, free powered balloon are Lin 202 fuel cell, a

solar cell-secondary battery combination, or possibly a turbine engine modified to

work at altitude with the proper amount of thrust.

A computer program was written to determine the feasibility and system re-

quirements for a spherical, superpressure balloon powered by solar cells and

AgZn secondary batteries. This program considers power requirements, battery

capabilities, solar cell capabilities, lift, system weight capabilities, and propeller

characteristics and then designs the srnallest balloon system consistent with these

inputs. Initially. the cadmium sulfide cell seemed a likely candidate due to its

very light weight and low cost per cell, and the first program was run using a CdS

array. Subsequently. we realized that silicon cells must also be investigated and

the program was modified and run for silicon cells. For both cell types we as-

sumed the output to be a cosine function of the angle of incidence,

l'igure 7-5 shows a generalized flow diagram of the spherical balloon-solar

cell program. With elimination of the daylight loop, it is the flow diagram

for an aerodynamically shaped halloon-fuel

cell program which was also developed.

These programs, consistent with the state il N
PA RAM

of the art, considered thtr use of soiar cells.

batteries, and fuel cells which have already ,ALIRYT

been developed. Availability is not a.ssuredAI

however, for the CdS cells. At present ~~_ BALLOON•

they are not in product'.on in the United SIZE

"States, and very limited work i3 being done

in Europe. The existing CdS cells have

degradation problems, low efficiency (about / W

"2 to 4 percent), and very expensive inter- LlVT

connectors. These characteristics negate N N

many advantage.6 of Cidt; c, Is over sailico. P'.NHP- S-,--
"Ihe computer programs indicuted tha-

a useful power systein will require an out-

put on the r-irge of 3 to 5 kW, or 2 to 10 PN -

shaft lip. If solar culls are usel, it will

probably be nece-sar, to use silicon cells ToZp .

due to ava ', bilitv. 'I l y arr. more effi-

cient than (d e:lls, but they are very- l.luw Diagramn

expernsive and sormewhat heavier for the

sirnc power outpust (-700, 000, k%%). The most advancfed silicon solar arra)y to date

is the flexi ele, rolled-up solar array (!t. SA.\), developed tby the IJSA.F A 2ro-

lProplilsiuri I.ir .rrtor;, V.right- I'Attersor A ... , ()hio. T'his ic; a directional zrray
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with a power output of 1. 5 kW. It weighs 70 pounds. The weight of the solar cells
alone is only 22 pounds and is comparable to the weight of CdS.

We would like to use an undirected array. The balloon surface would be the
supporting structure. A directed array would be difficult to launch and control, and
its greater complexity increases the probability of malfunction. However. the un-
directed array presents formidable structural problems and higher cost due to the

considerably larger number of cellisneeded for the array.

7-4.2 Shaped Balloon

Let us now consider the choice of aerodynamically shaped or spherical bal-
loon. The shaped balloon has an attractive coefficient of drag (assumed CD =
0. 07), but the large, lightweight one we require would be difficult to build and
launch. The spherical balloon is relatively easy to fabricate and launch, but its
CD is high in comparison (CD = 0. 19); a large power source would be necessary
to prbvide stationkeeping capability.

A comparison of several systems with 15-knot and 20-knot true air speed
capability for seven days is shown in Figures 7-6 and 7-7. A spherical balloon
is feasible at 15-knot capability, and when meteorological constraints allow its
use, this type of balloon should be used. Preliminary studies indicate, however,
that far more often a capability of 20 knots will be required, and then one must go
to an aerodynamically shaped balloon systeni.

VELOCITY - 15 KNOTS

DURATION - 7 DAYS

SYSTEM SHP POWER WT TOTAL WT

Round: AgZn CCdS S.C. 5.2 2,930 3,650
Shaped: AqZn4CdS S.C. 1.2 1,010 1,574

Shaped: H2-02 F. C. .8 375 960

S.C. - Solar Cell

F.C. - Fueld Cell

Figure 7-6. System Parameters: 15-Knot, 7-Day

Duration is another criterion that can change the system design. For very
long durations (30 days and up), the only feasible power source is solar cells. For
durations up to about 20 days, a fuel cell system is better due to its lighter weight.
(See Figures 7-8 and 7-9).
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yS lem" Fovr Vt 'li

HounjA., AZn Ci8 .) 182 9. 413 10,6001
Shapd: Ag/n *'Th SC. 2i 1.99 2. 360
Shaptd. Ag/nf. S i S.C. 2 o 1,530 2, 240

S haped: H2 -02  '. c. 1.04)5110

SC. -Solar ctH ;
Figure 7-7. Systenm Parameters: 20-Knot, 7-Dayj
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la.5Cr tbe;rirCC periill: ti: Sýirlir't crr' ere1 e.ngrro(.
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"-4.3 Meteoroloficai

The eventuai I'OI. 1_ system will be limited in its applications because it de-

pends upon the winds for its capabitlties. Obviously. if wind speeds are stronger

than the velocity capabilities of the system, it will not be able to stationkeep. In

order to determine if a powered balloon is feasible for a particular operation, one

must know the location, altitude, tolerances for both, duration required, and the

time of year. From this inforrnation one would derive a climatology for the area.

G. Nolan of AI.CIli. has done a Ereat deal of work in this are-a. At present

Mr. Nolan feels tie most helpful chart-, for P()BAI1. would he similar to the one

shown for Las Vegas, Nevada in l'igure ,-10. This chart shows the frequency of

#- 0 30 50 50 3010 1O050 50 s 30

- -o
-0

550

6Q 0 ___

i0 3' 0 3D• 1 5%" 5 0

% F-REQUENCY OF OCCu•RRENCE OF SPEEDS ' 15 KI

I j F M A M j j k S 0 N D

50 80 70503010 0- 050 . ' 70 5090I II I I

50 '~
801 /19

70

~j 70

30C

FW 01)~ý C~ 0'.-tA F (5 50 EDý 20 K'

71%FQf, j5tF0E>2i I
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winds below a velocity of 15 and 20 knots for different altitudos at different times

of the year. With this knowledge one could confidently fly a system with a 20-knot

capability at -0, 000 feet in the spring and fall. This confidence would be enhanced

if the system had an altitude control capabiliiy of i bO0O feet. One could seek the

most favorable winds to keep on station. Ju-t as important as this information is

the knowledge that a system at 85, 000 feet in December and January would have

little chance of success. In order to properly use the powered balloon concept, a

climatology chart mnist be prepared for the :3pecified area.

7-4.4 Altitude Changing

At present 'he two most promising methods for changing altitude are air bal-

last and propulsioiý-system pitch control. An air ba-tllast system designed by Hand

Corporation under USAF contract might be used. It is essentially a balloon within

a balloon. This concept v-ill be investigated further. The motor pitch control

effect is limited by the thrust available and would allow only small changes in alti-

tude (approximately 2000 feet).

7-4.5 Navigation Equipment

Finally, a navigation system is required. For the test flight, the radar at

White Sands Missile Range will be used for tr•.ckii.ý jut since radar will not al-

ways be available, an on-board tracking capability such as Omega will be reqaired.

An autopilot will also be designed ;,.r the system.

Since the early 1950'1, the primary method for tracking free bailoono haS been

the use of high frequency beacon triangulation utilizing radio bearings taken on sig-

nals transmitted from the balloonborne payload. In the mid 60's the need for

better positioning was apparent. and work began or- several deiices foi- alternate

!::t! U!" (Ji Q! P I( t s1V''gAiLt)rI anu3 traciviriE. xii ia i 1 ~ II~LII. ~ .I,

hallbonborne omnirange locating system was proven rperational and 'emonstrated

accuracy consistentlN better than five miles on several balloon flights from Chico.

Caliiornia and WVallops Island, Virginia. These flights proved a theory that only

six preselected omrnirange frequencies need be employed to provide adequate posi-

tion coverage across the entire~continential United States at altitudes above

00, 000 feet.

The need still prevailed for ,rurate tracking over remote sparsely settled

areas and wide ocez:n areas. A survey was conducted of other available radio navi-

gation aids as possible candidates for use v.'ith balloon ystems. Omega emerged

as the candidate to mP.eet all objectives. Unfortunately, Omega was a long way from

-e:-,g tn operationaý system.

ii
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The Ormega system is configured to pro -ide afl weather day-night capability. I
SAlthough it is a hyperbolic system as is Loran, all of the transmitting stations

Are time synchronized so that it is not necessary to use a given pair of stations as

-.Aith L.oran. The signals are not only_ time synchronized, but are also pha.se locked

to a common time standard. Omega suits the requirements for a dependable long-

range navigation system better than any other system in operation. It has been in I
limited operational status si.nce the spring of 0966, and four sta"-ias are currently

on the air, although not transmitting full power. The eventaal complete network

of eight -stations .Wil provide full global coverage with a choice of stations for all

areas. Completion is scheduled for 1975. A

To utilize the mrnega system with C11I. balloons, we are developing under con-

tract a balloonborne Omega signal processor with the objectives shown in Figure

7-11. Figure 7-12 illustrates pictorially our use of Omega with a scientific bal-

loon package including a signal processor, which is rreceiving Omega transmissions-7 -I
from .North l)akot•., Trinidad, and fHawaii. The retransmission of position infor-

mation Wo a remote ground station and a mobile station is depicted by the high fre-

qu.jencv t-2lernetrv lirk.

1 This is probably the nus:vigation s' ,tem i %hi ci; will be used for I()1.i:%_ a.s well

as for othcer A "C10. packages.

7-5. C()NC+LSIGN OMEAGA S': $1,

Area Co.er e uzaOl

I- rgure 7- 1 3 5 an tist' s concept 01 hir, Co9er~e 0Gnh",uaui

one possible ulti:mate svstzem. For pro- F reýuervy 10 2. i3 6. ii 3rKnrz
Apulsion it uses at stern mounted propeller " Silar-s

,,d r'.-otor, powe red w, a solar cell array P:er :8H :5 K,!S.

Ind natteries in this case. P'ossiblc it will A, , ,2 ¾

instead use f .uel cell for power. It is; ., Anal1ral lF-i.c S.oerrenc CV.'

'r r''ll. 'shiilpe to reduci'e tih,: (C-

effci cot of drag to ;. acceptable figure. . , >. 7.''

It hiil have a 20 - to 25-knot crapalility at l, ,e

60, 000 feet to 7 ;, 000 feet, a useful pay- Figure 7-11. O)mega Svstenris

load o! 200 pournds, and a duration of

several w'>.eeks. t c;ra Ln•; rue for aruch varied miss4ion- as an intellrgeirre mint-

form, l'lian d:! i''.catis. rem man' ml control relav ; senwor tech:nlogl'ýst

platformn: polialtiolu control; crop resourc .s ao: -a rti'soa 'urce.i surveys.
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This work is several years from cornpletioi. ind operational status. The corn-

pletzd test in September of this year is only the first step. Next the system herein

described will be built, oased Upon detailed study of the design requirements. The

flight wil. determine which areas require additional work. A new,' systen-% %ill be

built and flowm as thc last Atep prior to operational status, it no major problems

remain.
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8. Power Sources for a Powered Boaloon

C.B. Rita
Emmanuel College

Physics Research i-..
Lexintqscn, Massachusetts

8-1. INTRODUCTION

When, I beg-in t.) search for power soairces suitable for the poweredI balloun

IC)BAI., the guidelines were fairlY well esipblishc-J. It had been, determined thAt,
-iso2 s a pr(ple would seemn at 30, 000 :'eet, with the slow forward speeds

and low thrust level require6 for I10I3AL ýi.a propieller deiven systern %ot~id work.

01 course, the propeller -would have to be vory large. Inquiries to USAF propul-

I ,n dpaait U~ ids Iri a1 :5 Cc e7s t o -^i - c r ti av es hd bFci la-rgely, neg~t-

ti ye, -ind it wvas -acasonail-, cc rtziin that, at least for the imrne,!ineatc fita re, I l.

wudbe propeller driven fro,-, an electric motor.

Ir the previous; paper. It L.eclL-ire has described hsis -inalysis of the encrgy-

to-weigAt ~ cos! rncrit-, oý the availale f-uel ce~ll batteri es aind- ;4ola ce'll arravs

to dirir.e either ain electric motor or pus.;bl:/ some other type of co.nverter to keep

I'( ) i A 1. on staition for evrldjav.s. He eonceluded that for period,, of inore th.-n

one d ay- to t vent. d av :. 1- ih\ I- siioAa be powered by ilell cells.L wtinl for longer

period,; a ~silicon soe(ell C.rayt is theý most prictic;.b'e sys.Lte'n curetl vailablv.

At that point in tait- plainning, in, viewk ofm the high cost onv' %.triou-i , -)mp7licftiorn.;

.nivo!ý%.d !n Using fu-el cftliS ):- solair celis, yev.:ntud !o know h..fatr auAof
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desired performance and cost the other available power sources might be. We

also hoped that there might be somewhere another less expensive type of long-

duration power device suitable for POBAL.

I was searching for a very lightweight power source or, preferably, a com-

plete system to operate at altitudes above 60, 000 feet at speeds under 1.5 knots,

one to deliver approximately 3. 5 kilowatts to an electric motor, or 2 to 20 shaft

horsepower to a propeller, or 50 to 100 pounds of thrust. The overall weight, in-

cluding the fuel supply for six days at 50 percent duty cycle, was restricted to

1000 pounds. The device must have throttle control and be capable of many start-

stop cycles at altitude.

I sought new developments in high-energy, lightweight batteries, for example,

and tried to track down the rumors of breakthroughs in solar cell technology that

would appreciably reduce their cost.

8-2. SHAFT ENGINES

Gas turbines have very attractive weight characteristics. Figure 8-1 shows

the allowable range for specific fuel consumption versus dry weight for engines

delivering 10 and 20 horsepower. These curves presuppose that an engine

that meets these i:,l and weight limitations produces just 10 or 20 horsepower.

There are some turboshaft engines with dry weight and specific fuel consump-

tion in the desired range. Nominal ratings are misleading, however, because

nominal specific fuel consumption is measured under full power output, and nomi-

nal power output refers to static operation at sea level. Obviously, at very high

altitudes the power output of an airbreathing engine will be considerably reduced -

if the engine does not blow out from lack of oxygen to maintain combustion. The

maximum altitude for marginal operation and the actual power output at that height

are a function of the individual design. Those turbine engines with high compres-

sion ratios are most likely to function at high ceiling altitudes, but unfortunately

high compression ordinarily is obtained by using multistage compressors which

increase the overall weight.

Typical of the smallest turboshaft engines are the Aiflzscarch unit (171 pounds,

403 shaft horsepower) and the Allison (only 139 pounds, 317 shaft horsepower) in-

dicated in Figure 8-1, but neither one operates at sufficiently high altitude for

TIOBAL.

•i * turhoshaft with lowest fuel consumption rate listed in ,lane's All the

World's Aircraft (197 1-1972) or any other source avnilable to u.- is the Pratt &

Whitney ST-.P. This advanced, small, high compres.ionl ratio engine was b)uilt :Is

a single demonstraition unit in competition with the (;r'ntrail l'lerfric (;tE- 12.
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POBAL SHAFT ENGINES

SPECIFIC FUEL CONSUMPTION -
6 DAYS @50% DUTY CYCLE

27 ~ ALLISON T63-A -5A

I 317 sHP

? 500SHIP

o U__

0 50 100 150 200 250 300 350 400

DRY WEIGHT I bs)

Figure 8- 1. POBAL. Shaft FEngine.s

Bloth are rated at 1500 shaft horsepower, so even at their ceiling altitude the out-

pot is riot likely to lbe in the~ 10 shaft horsepower range. %either engine iq iavail-
ahle, so the question whcther- the', Can be operated alhnve 60, 000 feet is academnic.

Aftrir this study~ w:isq madce, the USA[-' Aero PropulsInn Laboratory (1.C. Simpson,

letter- communicication) conifi rmed our connclusion that tLirbosiaf!. errg~nes cannot

rirt'Cf the POBAI3A1 requi.-ements.

11-3. I T, rije t Eingmnir

'J'he rritional i ove. tory of turbo jetsq presents; a different s'-ituat ion. Thiere is no

fi ffi rultv in fi n~i ng turbine Jet engi eM3 thait flr~Ction well above 60J, 00U feet. Some ic i

thri;ii prorwi uninanrielj aircraft, (i.Allb, B1J70; \ltRicIIdui V 172). 'I lia-- wn rt
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designed for inultist;,rt -stop opierltion it high altitide, hov' ver, Ind would re- I
quire an auxi!iary starter Or MAOKLI. They weigh upward from a few hundrd tee

pounds and produce 1000 pounds or waore thrust at sea level.

ligure M-2 shoxs wellowable wght ve rsus specific fuel consumription for a A ]
KIB.J1AI device producing thrust. Xx iih no allow:ance at all for dry weight the maxi-

omumu possi ne fuel consuwrption rate per pound of thriust to deliver 50 pounds of A

thrust to IPt)IBAL. for 72 hour.s (50 percent of 6 days) is only 0. 28 pounds of fuel

per hour per pound. Unfortunately, the verv best rate for one of the lightweight

turbo jets is grotetr thin I lhr lh, ivcn if w% could find a turieo jt want an aux-

WIary starter thAn! w.ghei, fOr imstaai. n;. Wtu n,•dNrl, anm! its liraat scaled

to u"OMttaie was b,,ilt !1 PMIInis, It iou11ld t'tlr !(Iu to ;In,' 18 hiurs to provh e aNI
durta:on for I')PA[. of about omn ;in(d a hlt iiitvs. "I'ie US:\." V \er() P'ropalsioe

labhorntnory at \\ right- atttrsOl Ai I..ir,- o IMP-..ti('1 this prolieni awso and

hias a sur 't lil' .'\t ir or e C i;I-Ir'idqe Reescarcih Iitj,,r;iories that there 1-s no)

tulion e' enwginoe that rveets the t'( il retlMir-e otH-,.

SiI !iiI ] -

POBAL THRUSTER

S_ • vS DRY WE ',HT

C DAYS C(3) 50% DjTY CYCLt.

o-.~
t50 :L ]H-Rc$T

z

.. c-I "-.

U-'(0 5 -i

5,._I I ; ' " 3fIb '

I9 2/;u i . 3•'. Y9

I Ni 'Aii.On' -'Li'
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81-3.2 Flectaic Thninjters

Manyv small thrusters have been developed for special purposes in space flight.

'Electric' thrubters in various ways produce a stream of charged particlies which

is accelerated in an electrostatic or ar. electromnagrietic field. The Oevices that

are now operational develop thrust in mricro- or at most millipotnIds, and their

cost is measured in 10' dollars (Holcomnb, 197. 2)!

In the same lwthrust, high cost categor.y there are 'he resisto jets (Page,

19710) which develop heat bY passing current ihrough a solid and thereby heat a

stream Of gas for propulsion.

Some simple, chem ically -fueled thrusters - small rockets - do produce

thrus't in the ]'OIIAL, range. Drzy weight is only 10 to 20 pounds, hut they burn

fuel at 4 to 5 pounds per hour per pound of thrust. Their durationF: are only ii

matter oi seconds and. in general, theyý are no' throttle- controlled. (TEhe Boeing

Lunar Rover Vechicle, the I .16 , a pow-%ered bY supplying each of it,, four ,.heels

with an e-lectric rrotor dri-,en bY 36-volt silver-zinc batteries. Planned (luration

w.as 54 hours.

&.1. SOLAR MllAI ENF:R;

In the earlY 1960's there was ai great deal of sojlid developmental effor-t toward

,;vstents for converting sola r neot rad iationr into) eliect rica~l or mechanical energy

botn for terre;t r'ial uses ;i!] for s~pace prog r;inis (A M i~etrc~v, 1 IU 3). xpensive

lairge ar-raY s uf sola r voltaim cells would he rreplaced bv one or mnore parabolic

mnirrors or ]rcnel reflectlors. The so]lar hea,,t con cent rated at the focal point of

tire mnirror worltd .,aporizc at liquid To dri--'e. ai tarbogleiwirr;itor. or liaintain tCie hichl

terinperatzire -Anrt ion of a e:apl.or heat 'he cathode -31 a t-her'iiinic gtenvrra-

tor. (hie' systemi produced irecfihnrmil ctai ererg~v fror.i: close-d cycle, 5ýI cli rig heat

engine Ii rayser and i I ling. 1"6r7).

Text!looks Ynaifli~she'J ;,u a I ''0 iriipi0 c thaLt Siorie of tlhese( dc'.'rces for ae

use are: ope.rational. -ýurifta'.inr' (l 16 SYýý(tmnc; in,. ,I ')F)2) for e-x;;;.lple, v-'as a1
3-kilow~itt !ýp)ice I)O'.ve '-v tei .'ic~i %veighti'a (1i8\ ;alu)'t 70 p"uraindi, jlu!ýt v'ihlitva.

rIlvCedidor mm qi fl;A\.. Aithoirgi lrgaril 0pilcTi-fro: a1 ;J;11100 WouJld I~rresCilt

(Jme.vaa::t the '-r;ifle, ( mplic:lticrirls a- a eployaIllesai cell .11-1 re-umibl-

thle reflector would betum'rdcr a,' in:mioc hen to ]aiilr]. A hi. S-mnrIv-~r r--P
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gained a substantial weight advantage over solar cell systems by storing heat

energy as latent heat of fusion in lithium hydride, rather than using rechargeable

storage batteries for nighttime operation. The Sunflower reflector was aluminum,

32 feet in diameter, constructed in petal shape ro that it could be folded into the

nose of a launch vehicle. Liquid mercury in a boiler located at the focal point of

the mirror was vaporized by the concentrated heat and drove a 30-pound turbo-

generator to produce electrical power.

I traced Sunflower through a progression of contractor reports right up "

through field tests: then the Sunflower suddenly withered and died. As it can hap-

pen in the best-managed R and D efforts, when the complete system was finally

assembled, one vital component gave unexpected trouble. In this case it was the

sun tracker, which, I understand, was not responsive enough to keep the lens directly

pointed at the sun. Without perfect focussing, the device could not produce the

maximum concentration of heat energy upon which the design was based. About

the same time the SNAP nuclear generators (Systems for Nuclear Auxiliary Power)

were thriving, and proposals for multi-kilowatt systems were being implemented.

It may be that a few kilowatts of power from a complicated superstructure, however

light in weight it might be, were no longer so desirable. At any rate, the addition-

al funds needed to complete Sunflower and several other projects involving solar

heat conversion in the 3 to 30-kilowatt range were not forthcoming.

8-4.2 Stirling Engine

Every discussion of small efficient engines mentions the Stirling design. This

is a regenerative heat engine which has been studied extensively (Walker, 197 1)

and is still considered an excellent field for doctoral dissertations. Like all heat

engines, its efficienc3 depends upon attaining a very high temperature differential

during the working cycle, and this is still very difficult to achieve in practice. One

of the schemes for utilizing focussed solar heat involved a Stirling engine. Some

are being manufactured for use in coolant devices, and it has been considered for

use with a radioisotope heat source, but I have been unable to find any working unit

that might be appropriate for POBAL.

8-5. NUCLEAR POWER

A nuclear device would restrict the usefulness of POBAL by imposing stringent

range-safety regulations and limiting the choice of launch sites and trajectories.

Several nuclear power plants are now operational for space applications, and others

are in various stage, of development (Il. S. AICE, 1972). niheir proponents claim

thnt they are de~igned nnd tested to .uch high O tnndards that they are very safe.
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Therefore, range restrictions may eventually be eased At any rate, SNAP de-

vines are appearing in quite a wide range of power' outputs, and in the future one

might be used for special-purpose POBAiL flights.

Nuclear space power plants are of two types, radioisotope -fueled thermo-

electric generators (RTG's) and reactors. Th RTC generates heat energy fror.

tho sr-,te*.,,%i rderm -- ~~table nucle a-d_ utflizc th hcat tc m-ainta in the hi',h

temperature ~i"'iction of a thermnopile which produces electrical energy. Some af

the re!--tors use heat from nuclekr fission in the same way; othern heat the c., thode

of a thermnlonic generator or vaporize a fluid to operate a turbogenerator. So ne

of the more recent designs are "particle separators' which separate the oppoa.tely

charged products of fission to create a uzeful electromotive force.

Table 8- 1 shows weight and power output of some of the nuclear powered

ources developed in the SNAP program, for space applications fKettani. 1970).

Table 8- 1. Ty'piczl Nuclear- Powered Devices for Space

Radioisotope Thermoelectric Generators[I Weight (Obs Power (watts)

Snap 3 7 1_ 2
Snap 9AT 2

Snap 19 1025

Snap 27 65 65

Nuc2lear Reactors (Fission - -
Snap 2 (Varticle Col'.ector) 3x ____

Snap 10A (Thermioelectric) 960 500

Snap 8 (Turbogenerator) 110, 000 (est.) 3.5 x 10'

Catlegorically, we can eliminate the reaictors for JIN)BAI, because thev are just

too heavy. The critic:al rnags of fuel nieces-sary to produce a chain reactioai re-

quires a mini~mum- amourt of shielding that cannot be further reduced. The 960-

pound weight for SNA\P 10- A to produce 500 watts would probably niot he milucr

lesis than to furnish only a few watts. At outputs above 35 kilowatts, reaictors be-

come verY efficient on a power-to-weight basis, hit they would b&( nilich toohev

for 11013.1I..
r)(,nond ing upon the h.b- l;-ife- of the rad i oartit Ie fooel c:iippl':. the HTCP a, like

solar :dils9, rlffc-r very long duratiors witho-ut ;in%,weight puin-iltv. Thb 111(;'s -9A re

considered roughly comnpetitive. with conventional solar cell arrarya: blb t probably !lot

W itil tile' neweet, 1ilgi'mc"'eght, iiexm bi arrea,;e in powe(_r-to- wefight chatracteristics.
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The Navy has used RTG's. 2 to 25 watts, on some of the Transit Navigational

satellites. SNAP 19's were carried on NIMBUS-B, which failed to orbit. For

POBAL use. an RTO should be more rugged than a solar array, and directional

problems and nighttime storage provisions would be eliminated, but at the 3 to

5-kilowatt level they would require a large surface area to dissipate the waste

heat, and thus would not have any great advantage in compactness to facilitate

launch operations. In addition. RTG' a are more expensive than solar cell arrays.

Radioisotope fuels and thermoelectric materials are very costly. Radioisotopes

are also in very limited supply. Thus, the RTG's generally are being used only

when solar cells do not work well - on missions within the Van Allen belt or in

deep space, for example (Corliss, 1969).

8-6. SUMMARY

Where then do we stand? POBAL altitudes are too high for turboshaft engines.

Turbojets are altitude-qualified, but none have low enough thrust, and if they had,

their fuel consumption would be at least five times too high! Electric thrusters

fall short of the POBAL requirement by a factor of 10"4. Much higher power out-

puts are in the offing, but they will be reactor-powered and much too heavy for

POBAL. The chemically fuelled thrusters consume fuel at 50 times too high a

rate, and they are not throttle controlled.
Several systems for converting solar heat had excellent weight and power out-

put for POBAL, but after they were well along in dev.ilopment they met unexpected

problerx v and were abandoned.

The radioisotope thermoelectric generators are a strong possibility for the

future, but they involve operational restrictions and are o0nsiderably more @xpen-

sive than solar cells and fuel cells.

8-7. CONCLUSION

I had hoped to find a piece of hardware - an engine, new batteries, a power

converter, one already proven - which we could use or adapt for POBAL. What I

did find in most Instances was a wealth of basic technical information: Congres-

sional hearings and world-wide conferences, surveys and studies, bar graphs

comparing energy densities and cost estimates per kilowatt for the various classes

of energy conversion devices - and an enormous gap between feasibility and fulfill-

ment: Three programs are indeed spanning the gap in specific categories of energy

conversion: the United States Government-sponsored SNAP programs for nuclear

devices and the ArIt.GG program to build components for advanced small turbines
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(none small enough for POBAL); and the TARGET (Team to Advance Research for

Gas Energy Conversion. Inc.) program sponsored by the natural gas industry.

My point is. however, that if your need for an unusual energy- conversion sys-

ten-, exists right now. you should be aware that it is a surprisingly long way in

time and especially in money from the reported performance of a promising cell

or demonstration unit on a researcher's bench to a battery or power system that

will work dependably for you and is available for purchase. In most instances,

industry is either unable or unwilling to gamble with the large investment it takes

to produce the end product.

It is important to read between the lines of the literature, not because it is in

any way falsi'ied, but because it deals almost entirely with Ineorv or, at most.

working models operating under laboratory controls.

The lite'ature on fuel cells, for example, describer indirect and dirm %. t

processes, ( ells operating on hydrogen, on carbon monoxide, hydrazine, even on

bacteria. Eit when one goes shopping for a fuel cell battety, there is one

burning nat iral gas niow operating a mrodel homne in Connecticut, and the

hydrogen-oxygen units that have been used on space missions. The e- A

kilowatt hydrogen-oxygen fuel batteries are feasible for POBAL.

Sir William Grove built the first fuel cell in 1839, but it took a coalition of

33 utility companies in an unprecedented cooperative effort (the TAlGIE.T program)

to finance the operatu.onal natural gas fuel cell unit. And it took the money allocated

for the Gemini and Apollo programs to fabricate working hydrogen-oxygen bat-

terio'.s and to provide the operational experience needed to advance the art. And

now, if we achieve a powered balloon with twenty-day capability, in all probability

it will be powered by a more efficient, lightweight hydrogen-oxygen fuel cell

generator that is now being designed for the space shuttle.
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9. Advanced Airship Concept for Antenna Platform

N.J. Mayor
National Aeronautics and Space Administration

Washington, D.C.

4-1. INTKODULCTION

A studv was undertoken h% the Author for the %*wval Reseairch 1.aborat')rv dur-

ing 1970-71 to dptermine the feasibility of rarrving at large phased-array antenna

on board a lighter-than- air vehicle-. The ;-nitenna -was cylii~drical in form., 800 feet

in diameter. 60 feet high along its axial 6 rectior, and resemrbled a circlllar fcnce

when installed at a normnal ground site. 'I he requi rement wxas to transport the an,-

tenna to various iocations around the NVorld and to operaite it tri;m the transpor-t

vehic'lc; 1hence Ithe lighter-tb-An-air vehicle haid to be an airship rather than a

balloon.

4-2. (:ONFI(;UR.XTION

A numrber of p-cssibilities existedJ in choosing an overall ci-nfigiiration for) the

airship. Nitlsiv discrussions! werfe held v. ith the- nission affi- e regarid'ing varia;tions

w.,hich r-.i~ht he mairle in tho ,ntennaL itself 'o ;_cearrm'.m dite the d ifflic ~lt matching of

ac ndva m epr' men(terq with 1?I performancie requiir'crnc ots. It. .i cleitr ft-em

the )Iutqet that con-prom ises -with the eve r-;11 s;i7e -.von d only dIegr.--!e tile HI
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characteristics. A further constraint existed in the antenna height. Ground ingtal-

lations contain the natural features of a ground plane which are further augmented

by a metal mesh extending outward around the antenna perimeter. Without this

ground effect, it was necessary to double th- antenna element height to 120 feet to

obtain the same HI: performance.

The aerodynamic penalties produced by an antenna array external to the air-

ship hull would have raised the drag to intolerable levels. In addition, the w .ight

of an external system and its supporting structure, coupled with the environment- -

problems, precluded further serious consideration of this approach.

Fully enclosing the antenna appeared more feasible. From a pure radome ap-

proach, such enclosure would resemble a torus, with the Pntenna elements form-

ing diameters for the toroidal ring. Tlhe aerodynamics a:nd statics combined indi-

cated that the inner portion of the ring he .-aired anc used as part of the airship hull.

These conditiors led to consideration of an ellipse of revolution or obl:te spheroid

as a natural ,nd calculable shape the vehicle. ()n tliic; basis, a se, ies of oblate

spheroids was generated to solve for two case•:_
() ,20_-foot high antenna elements with no ground plane;

(2) 60-foot high element wilih artificial ground planes of various sizes.

FIigure 9-1 is a plot showing elliptical dimensionz or the semi-ir.ajor axis

lengths corresponding to various nhtior.'minor axis ratios for the two cases.

700-

"GROUND 10 0OFT

ANT ENNA

ELEMENT

TvANriNA
ELIEMENT

-. IvO FT G P

5 6 7 8 9 10
a/b

,ir'' '- I. i' ip }(',II l)i , 1 : 1i C 7
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Aerodvnainic efficiency generally favorg a lb ratios between 4 and 7 for low-

est v-alues of drag of ellipsoidal shapes. It was assumed that the same rules ap-

plied to oblate st)heroids as well. However, the large o -erall dirmensions of this

airship forced consideration of higher a;b ratios in order to keep the maximum

height Imincer axis dimension) within reason. A study of Figure 9-1 shows that

an: ellipse located along the 'no ground plane" curve will satisfy the function of

enclosing the antenna. Similarly, an ellipse located on the various curves (or in

between) for ground planes of various lengths will satisfy the enclosure of the

shorter anternna elements. As an example, it was evident that lot a ground plane

of 100 feet, any ellipse with a/b ratios above 5.5 will be of smaller dimensions

than one for the case of no ground plane.

The case chosen for detailed study is marked in the figure and was approxi-

nmateli a 9:1 ratio ellipse. This yielded the following dirnensionn:

Semi-major axis (a) = 538 ft

Semi-minor axis (b) = 60 ft

Ground plane = 113 ft

Oblate spheroid shapes are not inherently stable aeroayriamiccllv. 'ro achieve

stability, the aft portion of the spheroid was extended an additional 130 feet and

tapered to a point. This provided an asymmetrical area aft of the maximum di -

ameter of 168,500 square feet.

Wind tunnel test data (Ware, 1960) for lenticular shapes of lower 'ineness

(a,'b) ratios indicated that horizontal fin area of approximately 28 percent of the

total planform di.c area would provide positive stabili' -.)r all angleýs of attack.

Higher fineness ratios are stabler. it was assumed i: , a portion of the aft sue-

face ývould be used foe control, and therefore the additional faired after bodv

seemed adequate for required stability.

From this same source, a vertical fin area of 8 percent of the planform. area

was indicated for lateral stability. With rno•,able control surfaces, half this

amount was assumed to be adequate, which gave a total area of 36, 273 squiare feet.

9-3. VOLUME AND GRO( SL.T

The volume was calculated for the primary lenticular shape, not including the

extended aft portion. This gave a total air volume (of 72, -10, 000 cubic feet. As-

suming 90 percent of the space usahle. for lifting gas, a gross lift of 4, 054, 0CO

pOe'nds was available.
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9-4. SPELL) AND POWER 14

A mnaximium, speed of mn knom was assumed "dequaite for the niinsuinn al ru -

luiotis based on normal propulsive effciencies gave a total horsepower 1requ~ize--

mont of 21. 0100 A 50-knot cruise speed also, was assumed.

9-5. STIR FACT!! AN i WEFICGHT

WT.1I Mlul

Previous practice for preliminary lighter-than-air KUsiw has treated air-

ship hull siren g-t as tbeirg determined pnmaHQ- frr cth bending ror mcrt pro-

uacet by' a high vet unity vertical gust at max imurm forwarot speed as a first

approximation. Although the equation used nornally is appliedý to ellipso~lal

shapes, the cilculafi or vwas mnod: fled to, a~ccount for the different aerodviian ic

crharacter:st~cs of OtImelUl. iron th~s calcuation arr,~niinium aer'odvynarrt

benning iroment of 227,500, A womasv wa- An. ri' ini-Al (See Append!ix.'

Thle detaile"d dote rnimhintion of weight for the Mill assumied conventional rigid

airsip~~f (Zeppelin) design. Althoughit w as recoignized that :i final design could he

a duierent qt'e or a cnrnination of several approaches, suchl as stressed skin non-

rigid, and ighil typres, Own~e A- no1nerrint investigatin of these' possibilties.

Pt was asst nv to:tha if other than rig: d airship desi gn were chosen, the choice

* Wi~~ttanl l e hased upcn =p' rovedi eff~mn:ency. 'inere fore, the approach chosen 001 v

erred to.nard conservativeness' wch:eh was ;iesr,,ole.
[he hall p1arinfo Yos MAivde into aa tnýrix of cli, a.eacti of x'widoh inca sured

:ipp roxi ma t etc 100 f-eet Sqa.' cv )nad fin mie v.-eight-i for the :g f ext..rnde prioc-
tion wvei e nlsi) in,:Alcri giting " total of 102 cells, as ariown in tigxnc 9-2.

This geometry and siihdi. ision prodre(-d ai transversE: Stiti.[tii'A(r sitngu

1 ou'ain !r:.'ps. K~ w s'a'ac'l tat the trwiis'.-ers aenýdinig iont.eot 3:001(ld lae 1 :1

oi the lo1i-It'1iac;.l nrnce! it.f''

Itlit11cror:,t A.cu~t :l.'lt:r: 'vs I-iaon averai'ge cell section weights. for

cornveineiier -. two ave'rage c-nil -azes-xwere use] hv dividing ti0 hull into inner (to

t ~~the ainitrii:1 lo- itror) an~d outetr i'o the ner-inentnr nortions. inn loipAg~:iril and]

tran cirs n~o-:eu-s ':i: -'is d 'j 'Jet' i -n~iat r, er-mn' Ar/C's. !-I %-.( '.'i-itit

\Jeito I!r'i..'ee e 'nri fo '.'iri shoon Tiring, 010Cr 0' r. #2.' ill !'"ting,

va:l'ves, nad nirs vniro- A, rho- twori iw,.i ii-l weigh %ws %,4,2, 012 pOaiids.

l'.1r; o: !i~e lenisor, i lii,:n:c--r.a- ].no , thri I e t--:,I(-;i'fion

'if ~ ~ ~ ~ ~ ~~~.1 til a:cg'.A~~el.;:'~-:xii ~i.(:: o! 1?, 500) -. qi-n .he: '/8



to the 36, 273 square feet of vertical surface for a total of 73,773 square feet. A

unit weight of .75 pounds per square foot was assumed for the structure for a

total of 55,400 pounds.
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Figure 9-2. Gas Cell Pattern of Hlut' Planformr

9-5.3 Total Structural Weight

The foregoing calcýAations and estim!ates were cornbined -with allG;'ances for

crew quarters, control car and equipment, and mooring and handl"g gear to give

a total structural weight of 1, 600, 87 2 pounds.

9-5.4 Propulsive %eight

The total power requirements can be provided by four turbine engines. As an

example, the Rolls Royce Tyne rated -it 5, 500 shaft horsepower was used with a

unit weight of 2, 1717 pou~nds. Special1 gear bo:ýea would be required to reduce shaft

speed for very large propellers. An alloviance of 1. 000 pounds for engine was

made. An additional allow.nce of 1. - pounds per horsepower was fade for a

water ballast rctu overy system. These estimates gave a total of 21. 000 pounds.
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9-5.5 Military Equipmaent

The antennat svsten: reqgJired 160 coaxial cables w%, ,n'ig 0. 2 pounds per foot

for a total of 12, 800 pounds.

The inission center and electronic equipment was Žs-icnated to weigh 150 tons.

IThe antenna elements and the ground plane would be mounted inside the hull

oand use structure already estimated for support. ThE additional weights required

for anteinp:, elements and the grouir. plane were considered negligible in this

9-5.6 L.seful Load

'- 5. 6. 1 (1I1I';\\

.iftv inen w.ere as:i:jried to oper.,te the riissi n center. An additionil 50 men

v.ould be required for ceomma nd, control, n-vvigationi, snd in-flight engineering. A

total w;eight Of 20, 000 pounds was allowed for the crew.

9-5.F. 2 1'1;1;1 AND E.:N~iRtl.NCE.

Table 9-1 lists (lcul lated endurA.ice a:id fuel consumnption at va-rious cruising

speeds. From. these values, 671 ,000 pounds of fuel ace required at 50 knots cruis- 4

ing speed for a iotai distance of 12, 500 iniiie.,. A, :10 ka,,.. ti Ju, ,nc, -

1, 000 hours. This speed could he considerCed i loiter'ing ve-ocitv for station keep-

ing. However, tlhe power required is con.-iderablv less than the rated hornepower -2

of one ernginic and would dictate the use of smaller en-gifes to achieve the necessary

off ici C: csV. I
"1 anle 1. Sýpeed. t'av.wer and l>!dur:mnce

, I (onsurotion l.:nduit a Ic
1, .. € .I Iis I i5 •.~ lis- l,F :'.I. .

xO1, 15) :-,81 > ',.000

7) 5,39 3 J G695 250
60 1,9 10 4,6. 0 145
.0 4600 - 'Y0 91

;0 2'! ,;O0 i, 020 61

I - .1a

Ihc c-s0: .vm~ttIt) lte tris 'I~ih. a', ) ~ti:; '.c~it lE' I~-V; i: bJ

- ~'inc'o~ 6 7 u~, nani. Iei~r ;n ~rs~ I 47 ti)) aunIat 'b fa
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additional lift, some of which could he utilized for altitude. If all were used for an

altitude increase, a ceiling of 12, 000 feet could be achieved.

"Table 9-2. Total ,Mission Weight

Weight Empty

hull, including empennage 1,600. 872
Power plants and hallast recovery system 21.000

Total 1.621.872 lb

Useful Load (including military equipment)

Mission center 300, 000
Antenna cables 12, 8CO
(Crew 20,000
Fuel inc. fuel & ballast systems 671,000

Total 1,003,800

Total Mission Weight 2,625,672 lb

()-6. COST

Table 9-3 lists the costs of various airships built or proposed, Several factors

affect costs. One is the size of the airship. On the basis of costs per cubic foot,

the unit cost will decrease with size. On the basis of numbers of ships built, the

costH will decrease (per 9hipl with ;'n increase in number. Another factor is5 the

comparative dollar value (inflation). All of the figures shown include R&lJ co.4ts,

It is noted that the cost per cubic foot of the Z PG-3k% non-irigi-ls ,s $12.13.5 per1 ship

-including I& 1) ,ind spare parts, wher eas the costs of identical follow- on sh ips

would have dropped to $4. 33. Although these latter figures seccrn hitih compared to

the ire:;t of the d',ta, it should be cori:,dered that these were aircraft carrying the

inoat cornplex ek ctronic SItte,s ioc a , ;J ad . bcI l, l- . Ig I ,

flown in the Navy. v,.y comparison, the rigids listed in tl,_ table were simple ve-

hicles in this respect. Therefore, th,, ZI :-.W provirIc,I a inore corn parable

Ibaseline for the aircraft under consideratior, in thi.; st'.'v.

A comparison of the d;ita shows ;, 2 to r a-itio tiwet, •ac]hl ;iirnliip. :min ltrge
;ii.sfhips. This ducre,!sing r:ate pe'p c to C.:tcli ( _,t t vI:e ove I to 6 :il-
lion cubic feet. If All the fr•( L.i f,'tog s tecousilr'red, , i. ::,t cii he corn-

r.Iter 1 as follows:

()st of /I.( PC .",

2

i2. 85 12. -85 0. (5 • I) -

2 2

• ."• ' 4 { i :• * ,• ) •) " f ,) ' ]) ) i ) ' l ) ! . t ( ll
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1Table 9-3. Costs of Variowt Aiiships

iAiri Volut me

Size 3er Cost 1 !ft 3

Shenandoah Z. 290, 000 192 2. 20 000 0. 96

.kron- M €.on 1 7,400,000 1931. 33 3,979,000 0.54 1

I Il indenFburg 7, 650, 000 1935 22,600, 000 0. 35

Proposed I. 20'),000 1939 1, 997.482 1. 66
' roposed 3.4 416,000 1939 20 940,350 0. H6

Proposed 10, 000.000 1945 7,500, 000 I 0.75

PZ(;-3W(2) 1, 500,So,0 160 19, 300,000 12.85

___Z>3V3____ , 1 , 5 0 0 . 0 0 0  190 J . 5 0 0 ,000 4. 33

(I) Akron cost was $5.358, 000; ;'lacon vwajs $2, 600, 000.

W() Based on total cost of $5, 000, 000 for three airships, spares,
All testing and dcveloprIelnt.

(3) l'ioduction follow-on price quote.

As A conservative figure and allowing for the grea' hife, ences in comparing

construction of non- rigids with rigids. a value of $ 10. 00 per cubic foot was sue-

gested. P or a prototype vehicle of the iirship inder consideration, this amounted to

$7 26, 000, 000. 00, including Hl& I).

9-7. IW'-. [I.(Oi'M1INI' AN I) :OJNS'TRUI('IION
c-.7

t ntracts for th. rigid air.qhipg Akron ,nd Xlaco,- were initiated in ()ctoober

1 '2, .-\c!tI coa..t3 ructon begý,n in November 1920. Tne Akron \-.as cozripleted

atid c. 1:n'ii Sione,! in October 1.)31. (uompar' soi; of this time with *hiat for other

Srigid ,irships shows it to be ,s good as or better than most. Since in 9o many

cases only sI ngle airrccraft were developed, ,r ,t r.o.,;t two, "hese figures do riot

-re&pres -nt pro!dctoln rates. Fabrication periods 1o:- fnliow -on airships can be

reduced sabstantjally, is ]lia been deemonstrated by both Germnn World \War I

produci oducion of Nivv ti.rps in World Was' 11. Conservatively,
hwever', su~hi.dic 'mtuiaatls ought to tbe b)aqsedi on dine relquiretu for- initial pro-

du.,!: ,o of a prototypic. vehicle. lFigure -'. shlow.s such a schedule,

l'r clia,ini ry s'nlics ;ho~ld iril h'h , ,let:iil'1e rri.r;sion anral.vs;sN to identify

t,:r l.'l " iTeh -e types and (corif!lJr';itiors till t!o -orifirri, thc- t ; of pr'elir,;ri-

Irv n:,. .. "l'? "-:hin• l'] also in,'lm r' : ('rwl , '1it r.oi npr he :ii" v.,nd tunnel proi-

(-n " *j In:f~t l'ui li ' f. dr a',. :w ,l 1 it! hi'i . nno; 1( ';t .c l .ff .iett5s fo r so re o f th( body

1h;np,'s idmP ll,-..'l,~. I (m iple"! 'n !liis . nId ,," .i pnr'liii::,v Ii;hrd:. ir.ve't:tgatIn



149 A

to establish the magnitude of gust loads, handling loads, and operational loads. An

RF study aimed at the general problem of an airoorne system was also suggested.

A preliminary structural analysis study should also be included to identify

potential problem areas and methods of solution, .

SCHEDULE =;

ITEM - 2 3 4 5

PRELIMINARY STUDIES
-- Mossior. Study - =:
-- Preliminary ROLD

----. Wind Tu~nne Asrodyn••

-.... Aso Load Studies -

---- . F Studies
-... S'ruclufOI Analysis _

Phase A I 1 t

Phase C

Phase D

-- ,Constriction
-- Ftst Filight

F-irst Mission Op ___________
-- rfM ,O O Mid Yr 6-V I

Figure 9-3. Development and Construction Schedule
for a Prototype Vehicle

Phase A studies would be limited strictly to a specific lighter-than-air ap-

proach. These would explore various relationships between the mission and the

aircraft and would establish requirements for the Phase B studies.

Phase B would be a competitive preliminary design Study of airship vehicles

to perform the mission. It would establish actual size, dimension, and target

weights. It would also define the psrform'ancs, expected (range, rIdiura',ce, Mlpecd,

F(F capability, communication, etc.). It would bii-,. c pl,-.I with iin extensive W, 1)

program in government facilities.

Phase C is the final design phase from whit'h driw-,it tmild hie released for

construction, and, as .;uch, It would only slightlv pr-cedi, I'iatO , I), 1.

Actual construction would orciipv approxhimtl v 1- 1 2 1er. I- I ut opt.r;1-

tional use would occur one year Inter.

Thig schedule could Ime compressed Honu'Nwih;1t liv 'i i('intiihil I" siur A mrid i

prograrn (probably non-coinpu.titiv,) .,1)d ilighttv ,,v.rtliiýluu,, I')!.,- v -11, II.

This could reduce the schedule by ' 1 12 or .
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9-8. OTHER CONSIDERATIONS

This brief study did not allow consideration of many design details which would

have to be examined and which would improve the efficiency of the vehicle. For

example, the structure forward (or outboard) of the antenna array must be capable

of low RF attenuation. Therefore, it would have to be non-metallic anC probably

a composite material, such as fiberglass-epoxy, or combinations of other advanced

composites would be employed. If properly designed, this might be lighter than the

aluminum structure assumed in preliminary weight estimates.

This aircraft seems ideally suited to a nulear propulsion system. If this

avenue were used, a number of other propulsive system changes could accompany

it, -uch as electi ically powered propellers. The conventinmol power plants as-

sumed in the study are not very well suited to the mission, since they do not offer

the economy needed for long endurance. The size of the airship suggests that it

could easily be capable of non-stop flight around ti-- earth (sub-space orbit) with

resupply of con:sumables by airplane.

The biggest factor in terms of uniqueneEv is that of the overall size of the air-

craft. The study model is almost twice the length, ten times the width. and ten

timsc• the volurne of the largcst rigid atrship constructed. if an anterna configura

tion could be devised with smaller overall dimensions, the size of the vehicle and

hence its relationship to an extrapolation of the state of the art would be reduced.

For this reason, a concurrent RI" research program has heen suggested.

The shape of the vehicle even in smaller ,izes will produce certain aerody-

namic and flight characteristics not previously found in airships. The extreme

widtn of the. hull will cause the airship to be responsive to local gust effects; more

rolling action could ensue than is found in ellipsoidal forms. It may be necessary

to incorporate some means of aerodyviamic roll control in addition to the normal

static righting moments.

Figure 9-4 compares the study vehicle with the Hlindenburg. A profile and

more detailed view of the mission airship is shown in Figure 9-5. This view is

intended to show typical features rather than exact details. A summary of char-

acteristics of the airship determined in the analysis is listed in Table 9-4.

A smaller antenna system and a smaller %,,hicle were also studied briefly to

serve as a possible feasibility demonstration or experimental model jrior to a

larger scale version. The dimensions and a comparison with a Hind(nburg-size

ship are shovwn in Figure 0-6.
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Figure 9-4 Size Com,,arison of Study Vehicle
with the Hindenburg

'Fable 9-4. Principal Characteristics
of Study Airship

L/

SVolume (nominal) 65,390,000 ft3

S(max) 72, 710. 000 ft3

'Length 1,206 ft

HIeight (hull) 120 ft

H Ieight (above ground) 165 ft

G v.I;,' 's Lift 4,054,000 lb

Weight Empty 1,621, 872 lb

Useful Loa d 1. 003,300 1 h

Useful Load (max) 2,432,128 lb

Maximuam Speed 80 kni

Normal Cruise Speed 50 kn

R~ange (at 50 kn) 12,500 NmI

Endurance (Git 50 kn) 250 hr,
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V a/b-6

V =22,760, 000 CU. F T.

G. L.2 1,370,000 LBS.

400k

a-FT.F_ _ _ _ _ _ _

300 I
56 7 8 9 10

Figure 9-6. Configuration with 400-Foot Diameter Antenna .
9-9. TE'C1INOLO(.Y HAS,

Lighter-than-air is the oldest rlass of aircraft in the .A-d c" aeronautical j
interest. Even though it started as adiscover., by non-scie--. c pfeople itso

attracted scientific minds w'.ho early aipplied the princ~ples ct A,, ;,iirredes and theI

laws of Charles and Boyle. Most of the principles and f*ormns of iree h)allooning
were well developed by the middle of the 19th century.I

By the turn o; the century, large powered aiirshiips or dirigibles seriou,,!v be-

gan to occuipY the enthus;iasm and irut~rest of m.any people as- ; poqssible meains of

public, transportation. The initiation of the Zreppelir! form, of dirip~ible (rigid air-I
ship) and its ra, ;d developmnent duirinrg \ or-Id %k.ur' I at ra eted manyv of the ~esgt

.scientific and engi reerinjg minrids in tie a eroo ijti cal field. Asa thr: developmn r t, of

this type moved to the Ui . ,the cliile~rigc of this large a irc rift :..I! it-; p ron! s v

both as ai mrilitary vehicle and as ;:roimnre raP. ' aircraft produced rnman avr-od% - -A

narnic and Structur-il studIies araresearco prograims. t renit na-ns It, in atr
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disciplines. such as \ on iKarnian, M~unk, Southwý,ell, anid Donnell, produced imuch

of the sound theory and analyses used in the development of U. S. airships. Par-

allel with this development were advances in materials developments. meteorology.

and fabrication techniques. Many of the techniques and technology developed for

rigid airships during the late 1920's and early 1930's provided the basis for metal

airplane iesign which followed later.

Most of the serious effort on rigid airships ended in the U. S. with the loss of

the ZlRS-5 iU. S. SR. Macon) and in Germnany with the beginning of World War Ii.

During World Wýar 11, however, ihe non-rigid dirigible (blimnp) was employed ex-

tensively by- the U. S. Navy as an ASW and patrJi aircraft, providing ,!) impetus

to its improvement. During the 1950's, large non-rigid i~rships were developed

as LWcr.Ift and were kt~le to carry electronic equipmient that could not be ac-

com-rmodated on heavie r-than -aiir(:raft. Thlis development and use of the non-rigid

cratft by the Navy ended in 1962 and has not been reactivated. TFable 9-5 sumnmar-

izes chnarcteristic-s of the outstanding airships in each class.

Whilce it can he IPPreC~i~ied that modern design techniques applied to airplane's

can alson be applied to airships, c-specý.a11y computer~zed analysis, little on the

art"o ci irship techniology has been documrented nor are the experienced pei's nncl

available in sufficilent numbers to fashion the vehicle. An example of this is

found in the developinent of modern rockets. Eiven though all the princin~les were

well known to us and to the Pussians, both countries were forced to employ the

Geriran V- 2 des5igners and pers,,nnel to pravid!e the art an necessary to) produce

workable rockets in. lai~rg sizes.

'I able 9~-, C omparison of Certain Airships and 'I heir C haracteristics

In I I' 1

Of20 ,;(n1 N., r ig~i
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9-10. CONCLUSIONS AND RECOMMENDATIONS .

This simplified and preliminary study showed that an airship large enough to I
meet the requirements of the mission represented an order of magnitude increase

in volume over the largest ships previously built and flown. Because of its size,

shape, and configuration, extrapolations of existing technology would not be suffi- I
cient to guarantee success. An early research program would be required to es- -

tablish design constants for drag, dynamic lift, moments, etc. A generalized

structural analysis would be required even for preliminary studies to identify prob-
lem areas and possible solutions. I

Or,e conclusion should not be disregarded. The mission did not violate any of

the aircraft performance requirements for which a lighter-than-air vehicle is

Suited. In fact, the airship appeared to be the only aeronauticai vehicle which

could perform the mission. If the vehicle could exhibit satisfactory flight charac- A
teristics, it would offer a number of interesting possibilities in terms of a contin-

uously flying aircraft. -

In view of the foregoing. it was recommended that a preliminary, but more de-

tailed study be inaitiated for a lighter-than-air vehicle to accomplish the required

mission coupled with a mission analysis to pinpoint range, endurance, and antenna

performance requirements.

References

Ware. G. M. (1960) Static Stability and Control Characteristics at Vow Subsonic
speeds of a enticular utTIentr' (Config-rqtion.7 X ',-,. N-4T1,

-i



157

Appendix

Aerodynamic Bending Moment Calculation ]

.I 2 2 3 I.

where: CM,, Bending moment coefficient

q Dynamic pressure

V Air volump

L Overall length. i
For ell,psoidal shapes Cm = .02

For oblate zpheroids, higher values of C1 1 can be generated for a given angle

of attack (c)* These would increase the bending mnoments in proportion.

'an where u = g-st velocity

= forward .oeed 9i

A graduated value of . is assumed with a maximum velocity of 50 fps or an

average of 30. Therefore

0: Tan-1  30 5o

Frinom airfoil data for large aspect ratiob C 1.0. Correcting for low aspect

ratio. C1  0. 5. Therefore,

C. 02 " 05

and

M = .05 " 21.6 , 174.000 • 1206 227,500,000 ft-lbs

Preceding page blank
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10. Structural Design Features of a
250,000 Ft3 Thethered Aerostat

e.G. Witherow

G.T. Schiedahl Company
t -Norhield, Mimnesota

iA

Abstract

The requirement "or an extremely stable, high performance, all-weather
tethered aerostat necessitated structural design features unique from previous
aerostat designs. The design, fabric selection, and internal pressurization re-
quirements were based quite heavily on the results of a finite element computer
analysis. This paper sunmarizes the structural analysis of the primary aerostat
substructures. Both moored and aloft environments are considered.

The initial step in verifying 'he b'-ic structural design '.,as to te-t a model of
the critical aft hull :empennnTe reginn. The results of these tests are alo pre-
sented.

W0-I. IVi'IRIP•CTION

The Advanc:,-d I'rograins Division of th0 Gi. T. Schieldhil Company Js very op-

tim:,tir ihbout the future of tethered ,erostats. -nd as such has expended consider-

able effo-t jr, the psiet three years to ;,hieve a system that performs reliably even

whein exp.)oed tu (n'ironrrental 3everities.

A

Preceding page blanK
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Performance can be discussed in terms of operations, aerostatics, aerody-

namics And structures. "his article dealq with the problems encountered by the

structural designT engineers, how the prohiem. were approached, :ind further.

what has been or is being done to verify that the solutions found are indeed viable.

The intent of the structural design approach was to dra%% heavily from the tech-

nolog-y areas of sister aircraft and Kerocpace fields where possible and to extend

these basic technologies to en.-ompass tethered aerostat design. This technology,

coupled with Schjeldahlls years of inflatable f;.brication ai;d materials experience,

provid'ed a starting point from which to embark toward achievement of an operation-

al,.; reliable, all-weather aerostat.

The aerostat discussed in this article is 250. 000 cubic feet in size - one of

three being developed for a commercial application. However, much of the basic

technology was develcped under a previous program monitored by the Air Force

in which three 200, 000 cubic foot balloons of different materials were delivered

and flight tested.

The most significant lesson learned about structural performance as a result

of the 200, 000 cubic foot balloon program is simply this. the reliability of an in-

flatable structure is directly traceable to both design complexity and meth-od of
fab:'ication.

Whereas a portion of the 200, 000 cubic foot aerostats were hand sealed, all

seams and joints of the 250, 000 cubic foot aerostat will be sealed using full". quali-

fied mach'ne methods. Orly then can we impose the necessarv controls to assure

structurally reliable joints.

In terms of design complexitv, siuffice it to say that constructing an ultimately

curved structure from flat patterns can generate significant stress concentrations

*f the structure is very complex. These concentrations are usually of unpredictable

magnitude, since they depend largely on tie accumulation of fabrication tolerances.

Lastly, before we get into the specificq of this article, it is good to remind

outselves as inflatable structure designers and engineers (since- we have a tendency

to forget from time to time ) that helium and air are necessary structural compo-

nent' - if it leaks, there is no strui-ture hence, we must concern ourselves with

things like permeation and sealing.

10-2. l)ESCRIMIION OF AEROSTAT STRUCTURE.

10-2.1 General Arrangirnemet

The general arrangement of the major components of the 250, 000 cubic foot

II
aerostat is depicted in Yigure 10-1. Some. i-iportant general struct,-ral features

are -,verthy ,.-f Tl.tt-
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(1) The empennage is permanently attached to the hull with T-tapes bonded to

the hull interior. All structural T-tapes are bonded to the interior and then i'lter-

nally reinforced and sealed.

(2) The fins are guyed one to another to prevent the possibility of large, :-ijid
body-type rotations (large fin deflection and probable buckling).

(3) The fabrics of construction were discretely chosen based on the end use

requirements. These will be discussed in more detail later.

(4) Since the large empennag: is well aft on the hull. the pressure require-

iments for structural rigidity of the aft hull differ from those of the forward hull.
To accommodate these different pressure levels, an ellipsoidal diaphragn, is in-

serted in the helium compartment with interconnecting blowers and valves.

(5) Fin ribs run spanwise for maximum flexual stiffness. The ribs are quite

unique - borrowing from the concepi of a uniform load distributing parabolic shape

and are laced rather than a continuous cloth panel.

(6) The main load-carrying suspension patches and the mooring line patches

also use the parabolic scallop design approach.

"(7) The main s.spension lines are sized ba':ed not only on strength, but also

on relative stiffness to distribute the main tether load into the hull as uniformly as

possible.

(8) The nose structure is optimized on a strength-to-weight basis to sustain

severe mooring loads and efficiently transfer these loads into the hull fabric with-

out fabric overstress.

10-2.2 Struchtral Design Criteria

Tlie aerostat is designed to operate in winds to 70 knots ,MSL and at a constant 1ý

q of 3. 2 in. if20 aloft. At 70 knots, there is a minimum factor of safety of two

on the fabric stresses (both direct and shear) and on hull or fin buckling. Based on

aerostatic performance predictions the angle of attack, a, at q = 3. 2 inches H220

will be 6 degrees. These same requirements are imposed under 90-knot MSL

winds (q = 5. 4 inches 11 0), except that no safety factor is required at this q level.2
A separate dynamic mooring luads analysis was undertaken to establish nose

structure loads criteria. These results will be defined shortly. A minimum fac-
+or of 3afetV of 4 1.5 to ultimate is used for all metallic iimembers.

To account for the posibilitv of large vertical gpust load, aloft, a gust factor

of 4 is used to establish empennage pressures and to size fin guy lines and patches.

10-2.3 Material 1)eignations

The fabrics of construction are pictorallv: described in Figure 10-2. -]ost of

the materials ý,re laminate cortstr-ction.ý composed of D)acrnn cloth. Mylar. and
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I-. Tedlar. The Dacron is the main strength member used to carry direct (hoop and

meridional) stresses, whereas the Myvlar serves the dual function of providing

high shear strength and stiffness arid serving as the impermeable membrane. The
Mylar p.-ovides the same structural function as the biased cloth in conventional
coated fabrics. The Tedlar is not a struactural membrane; it is the w~eathering

protection for the Mylar and Dacron cloth.

Specific areas of the aterantat do requir, ia higher shear strength material -

notably the nose of the hull, which must sustain the high shear loads along the nose

beams, and the root areas of the fins, where reverse siiear cycling occurs quite

frequently. In bath these regions, the basic laminate is augmented with a biased

Dacron cloth.

M~-2.4 Operating Pressurem

All of the compartments of the aerostat are pressurized by,, electrically oper-

ated blowers and are rnain~ained at specific levels relative to the freestream q

through the use of pressure sensors and valves. Trhe c'ompartment pressure levels

are identified in Figure 10-31. In the event of complete power losf: (there is a re-

dundant power source). airscoops are provided to maintain some- level (_f pressur-

ization during retrieval.
As previously mentioned. th,?rp is i ýir across the hull separator diaphragm

to accommodate the higher pres~ureb in the aft portion of the hull. The higher aft

hull pressure is required to prevent the aft hull frum buckling when the large lift .
loads are transferred from empen-nage to hutll at e;;tremne q's. Also, the pressure
in the aft hull is maintained at 1 inch It 2C) above the emnpennagc pressure to prevent
the hull frorn going fiat in thle hull/eLripennagu inteif.'ce region; this could cause

severe wrinkling arid the resulting stress concentrations.

Fin pressure vequiruments a re ba!ed onl buckling !2ollapse load criteria.I

W (-2.5 Iod ifhIa-

The following loads Were Used for tile st:'-ictural ijn-lvysis of the maJor sub,

structures:

(I) ullI
(ii) llresu;urizatiori - forward hull - 1. 5 -1- q :nuh hi? 2 I. 1n v r

0. 14 psi: aft hull -4. 0 I.,i' inric 11 2f 6. 6 inrWhf .. C),2'3; -u

(h) BuHoyanit lift - niet of 68100 pouinds, lappli:ed 'jiiiforri~lv as ;1 a .gi~t i e

g ra v i t lo.,id in g ( 0. 0 021 '1 ps i).

j ) 1':I iv l d~c - W01 VIht 2 0009 jIM M,! I 11Pd pl~i O;ing 1!t;.i-1n:i f' trI I i..

W A :\rgdv'Jvri i i c p r(,ni -ý u v i iit tui wr ei I i!-os ýii r (, f !; it ' rI;0, ; 1 at- j t1;0

-,f ot c, I I n 
1  

Snnt-; ~M.';.. i-e( Figiirc

10-4.)
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AERODYNAI, PRESSURE DISTRIBUTION
NHCRIZONTAL FIN
am3* (CONSTANT Cp CONTOURS INDICATED)

HORIZONTAL FIN HORIZQNTAL FIN
TOP SURFACE T BOTTOW. SURFACE

i .-..... ... - -

r i ,LEADING
LEADING ED\GE'

EDGE/

• , 3 / .-..., ' I I -. 7, . ,x\x

LI
7/ / . 1 I ,/ • ;, /•'

I .{? --

III / 11 /

378 - iI _ .

TRAILING EDGE

t"igure 10-5. Aerodynamic i'ressure Distribution uf 1orizontal Fin

(3) Nose Structure

(a) 25, 000 pounds axial and 13, 000 pounds side load acting sir- ultaneously

as predicted by dynamic analysis. (See Figjre 10-6 for rms force

versus wind speed predictions.)

10-3. STRLUCTURAL ANALYSIS

10-3.1 Method of Analysis

The principal analytical tool uLSeCd in the stress and deformation analysis of the

fabric portions of the aerostat was the large-scale finite element computer pro-

i:zan designated LD3 DX, 1,arg, Defor.m:i oun .A al ssi 5 i "'lhrep- lirnensiotua! ,troc-

ture l.xtended, ( agerquis , ] ,72). The conmputer progao iý s ba~sed cssentiailY

on the same techniques used tY large sc:ile linoar structural pioh'ra•vs (such as

I-EAI:. available through (ontrol Data Corporition). with the rnecessirv externs ions

to accommodate nonlinetrr geoictry behavior (Dirg. detornmations) and anifotroi)ic

ma t erial hehavior. Additionally, the program is deignifed Luch tihat exerral lod

may Vbe applied either simiiltaneouslv or in soq'wnce i. they orci:r in srrvi,'e.
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Figure 10-:;. Nos- Structure l.oad (l0MS force vs wind speed predictions)

L,1)3!)X is also suitable for modeling load lines such as the main suspension

lines, fin guys, and fin rib lacing.

Bec-ause of the costs associated with a very large element capacity program,

1.D3l)X uses only the core storage allotment or the k:l)C 6600 computer, so that

problem si7e limitatioan are more severe than the normal large scale structural

computer program. lBermise of this fact, the aorostat cannot he modeled ic its

entirety; rather, the hull and empennage sub-;tructures are analyzed separately,

and then the interface is analyzed in detail. '1o o.)t;Iin localixed stress pattern.

and concentrations (as around a suspension patch) a fine gridwork of elements is

used ;n a separate model.

The nose str ucture wv.-s ;,r:!I,.,zed by eoun, ining t ic cap;Jbiljtiea of both Ll)t1)X

and 1.%-\S]:.

The elastic coy starits which desciribe the behavior of the structural fabric

under biaxial load are obtained through the use of a spcc illy designed .yllintei

test machin.

A s ep fi tf 1P ,est. fixture is uc,(2d to ubu t i-, iplc ,in, Ie . to n 1'1bt in fabric ;ar!;d

s :a n al'.-wable b'iax ial str-ess lev'ela;,
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10-3.2 Nose Structure

The nose structure consists of 5-foot deep, 16-foot diameter tubular nose

cone and 16 nose beams which are laced directly to the hull fabric. The primary

reason :or the large number of beams is to reduce the unit shear stress in the hull

fabric adjacent to the beams. Additionally, the fabric in this region is reinforced

in the shear direction. The large cone diameter/depth ratio minimizes the reac-

tion moment to side loads and, hence, minimizes the bending moment in the tubu-

lar nose beams.

The load carrying capability of the nose structure is about six times that of

the original nose structure used on tme 200, 000 cubic foot aerostat, at a weight

penalty of less than two to one (approximately 550 pounds for present structure).

The stresses and I-earm reactions are .'ummarized in Figure 10-7.

R-IN

0 50 00 150 200 250 300

/
- ~150-

/ Syy 40 LB/IN (MERID)

BEAM BENDING MAXIMUM HULL NOSE
MOMENT DISTR. " / STRESSES DUE TO NOSE

I00\ LOADS[ /
• ~ ~~~X-IN X "••-"

• NOSE BEAM -2 7 IN.k K- SXX =65 LB/IN (HOOP)

S~~FOASE RING-" :/)(Y30,S 1y3/IN (SHEAR)

I--INTERMEDIATE RINGS•--•~15 K (L•6K(B)BST--ýSTRLJT

26 K (LBS)

Figure 10-7. Stresses and Beam HIeactions of Nose Structure

10-3.3 llull

Jhnil stress and deformation rnagnitudes are illustrated in Figures 10-8 and

10-9, respectively. The deformation is relative to a fixed confluence point.



I

170
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Figure 10-8. PrediLti;in of Maximum Hull Material Stresses
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Figure 10-(j. Prediction of 11i:11 Ieformatior Magnitudes
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Note that the hull tends to take a "banana' shape and that there is considerable

suspension line stretch (that is, confluence point translation) at these extreme

loads. Such translations must be minimized, siace both angle of attack and stabil-

itv are functions of confluence point location.
All structural tapes are thread laid for maximum strength and load transfer.

In general, the span between two or more layers of fabric is 12 inches mini-

to 9,-nici stress concentrations.

10-3.1 Hull Separator D)iaphragm

The diaphragm is ellipsoidal in shape _an that it does not interfere with the bal-

lonet. ro a1ccommodate hull growth at the diaphragm attu-chment point, the first

15 inches of cloth is oriented on a bias, and the thread laid tLpe witi its low trans-

verse stiffness is used for bonding the diaphragm to the hull,

The inflated shape of this critical structural section is illustrated in Figure

10- 10.

S..._ • /-HULL DEfORMED :-

HL GI249 HULL FABRIC
.- INITILL PJSITION

DIAPHRAGM (2 LBt:N •. 5

DEFORMED \0":• >S//F009600

P- 4.1" H20 ELLIPSOiDALS- rj•DAPHRAtGM -
FORWARD HELIUM / 009600 P 6 6 H20

C(A4'PARTMENT FABRIC AFT HELIUM COMPARTMENT

INITIAL S j (
: / POSITION 0 *

h0.•

ISTRESS V)
•, .22 LEI/iN"-

4 ,1 8 &•XiAL STA! ION (INCHES)

tJigure 10-10. Aft Null I)i:,phragm Shape Under Q : 3. 2 Ini. 112(I
(Knot 'i, o:'ding 

i
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10-3.5 flull/Empennage Interface

This region is the most critical from a st~uctural point of view, since large

stress concentrations can result even though low stresses are predicted, due pri-
marily to the complexity and fabrication difficulties of the attachment. Positive

V pressure is always maintained across the hull niterface ýo prevent se -,. e wrinkling

under- extreme loads. Despite this, wrinkling does occur well aft cn the hull, but

is not expected to affect the hull's load carrying ability. Figure 10-11 ;3lustrates

the deformed shape of this region.

AFT HLL 6." H2
z

70KT70 KT, 6* FIN LOADING

FIN TRACK,, _ORIGINAL SH~APE
-. iNTERSECTION ýTRANSLAITID UN)

DEFLECTED

STA 1594 ~

(R IH4 1 REGION OF PROBABLE/ '- WR~INK~LING

- ' STAI1486
/ -, (RIB I)

F'igu re 10- 1~ !)fo r mat :on at I1 foll 1§ mpennagc: I a(rt a,(
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1o-3.6 Empennae

Normally. stresses are quite low in the empennage fabrics except that stress

cycling i8 much more severe. Figure 10-12 depicts the predicted stresses at ex-

treme loads. Failure at extreme loads will probably be due to fin collapse

(buckling) rather than fabric failure.

LOADING:

5.6" WATER

INTERNAL PRESSURE• GRAVITY

ýWRINKLING • AERODYNAMIC LOADS
AT a = 6", V 70 KNOTS

66 F,4 , S 44 28 '2 3 65, '4 2

.9-J 'ji L. ~34 WAO
MAXIMUM - -25 -14 - -o2 o. o 0 0 C4 16

STRESS
58 28 70 770

SH-EAR 00o 7 129 0i go 7~3 ~
IN FIN 4, Z-1 2 0 I 1

-URFACE -07 24 -04 O02-00 -01 0 12

35 )4 ti~ 74 58e? 9

0 64 60

-248 -~- 0 2 02 ,0 -Ca 00 -06 -02?; 4

7'r I6'lJ N ' a- /18"7! 32 --08__

-6-Ic 09 05 04 00 -,6 WRINKLING~

WRINILING .,.1 - ;-,6
3 3U 56 E LOWERES•U6 54

UPPER SURFACE .5 9 ;; 3S
/-MAXIMUM BIAXIAL STRESS

I IN FIN SURFACE
ZTYP!CAL SURFACE STRESS

Figure 10-12. Prediction of Maximum Empennage Stresses

10-4. M;ODEiL INFLATION TESTS

An engineering model was constructed to evaluate the critical diaphragm/hull

and empennage/hull interfaces. "rhe hhull was truncated zaeveral feet ahead of the

diuphragm attachment point and closed off with a pressurized hemisphere. Only

one vertical fin was built to allow us to test the model in a local facility. Figure

10-13 is a photograph ot this model at nominal operating presqures. Figure 10-14

is an. interestinf, senrics of i)hotos taKPi ansi-Ic th,, 1Ir) 'FloS'ww ti-" paralolic s(-allu;:)

ribs 2nd lacing.
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Figure 10-13. Teet Model at Nominal Operating Pressures

"I he tests were cuite successful in that the internal pressures expected at a ,

of 3. 2 inches If,() were achieved without any indication of structural damage.

i'he hull restriction at the diaphragm, was almost unnoticeable with test data com-
paring very well with analytical predictions. The diaphragm took its shape well.

The model proved to be quite valuable, ;3c several minor- design and fabrica-

tion changes becamre evident, Andl we cani proceed aith the actual .ierosrtat fabfrica:-

tion knowing that we hive a superior dcsign.I
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11. A Dynamic Analysis of a Moored Aerodynamically
ShapeJ Balloon Subjected to Atmospheric Turbulence

J 0. DeLaurier
G.T. Schjeldahl Company

Northfield, Minnesota

Abstract

In order to predict the mooring loads on an aerodynamically shaped balloon, a
t' dynamic analysis was performed, where the system's physical model accountei for
elasticitv of the mooring tower and elasticity and 3tructural damping o0 the bal-
loon's extreme forebodv (including nose .-tructure). Further. the aerodynamic
loads due to atmospheric turbulence were calculated from :neasured meteorological
eata. The transfer functions, root mean square displacements, and root mean
square mooring loads were then obtained for i particular case, with the interestine
result that the longicudinr.l load monotonically ircreased with increasing mran wind
speed, who-reas the laterr,/ load experienced peak values at interrnediat v.wind speeds.

List of Symbols

A = lalloon elastic forehrdov lgertgih (Ciee ligure 11-2).

A -I -A ( o.fficietnts de~ir;ed by IFq. 11-14).

I-', - (o.fficicn*ts defined Ih ; q. i11-!15).

Preceding page blank
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List of Symbol&

b = Characteristic length.

= Effective aerodynamic lenigth defined in Appendix 11-A.

C 1 -C 5  = Coefficients defined by Ec.. (11-7).

C 2 - C 3 Damping coefficients (see Figure 11-2).

CI) Balloon drag coefficient.

CyI Balloon sideslip stability de.ivative.

DI- ). 9 Coefficients shown in EL4. (11-16).

'.l ; ¼ - (ocfficeients shown in I..q. (11-17).

L.ongitudinal load at the mooring point.

F Y Lateral load at the mooring point.

IC Moiner.t of inertia of bhalloan plus enclosed air and gas aboutIcmn its mans center.

i i- 1)/2

K4 K 3 Spring constnts (see Figure 11-2).

Total ma-,H of balloon plus enclosed air and gas.

Inx =Longitudinal apparent rna.i.9.

T11 -Effective lateral anparint masm defined in *Tendix 11-A.

n Integer.

N --- \Maixiniur, value of n.

W'x - ,ltJ! r,-I. 9,,pl,1 nr6 nowf-r grrctruni.
x

S( 1 1 ,ajteial tUrlJuler'ce power -,p,:ttrun.i
V

0-½(1 W), I .spl ice, nint tI, r, s fer functions deftIneeJ byv LqH. (11 16), (11-17),W) ;Lnd (li-9) resprctivcl-.N

S- I)'.'m rt-ric pressiir,., pI) ,
2

.

'l'-q.. -" ( h'•o rlir atli. defined II I ligure 11-2.

94 I :.;yl:,ice t•:>r :Ir1c rri'(d indI,'po.ir c-r t v;, iahil,-.

•'; • ~( hlali t c -tl' lt :/O .

11o %++,1+•'|1 Ti'II+ .+'I~J'~(Cl

I-)
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U = Mean wind speed at 7.
0

uT = Longitudinal gust speed.
t1

v? = Lateral gust speed.

vo = Maximum amplitude of a v' turbulence component.

x= Balloon axial coordinate (see Figure 11-2).

x = Balloon axial coordinate to lateral apparent mass center

(see Figure 11-2)

x cm = Balloon axial coordinate to mass center (see Figure 11-2).

Xcp = Balloon axial coordinate to lateral center of pressure (see Figure II- P.

Yc = Lateral aerodynamic term, CyflqS.

c Effective lateral aerodynamic term defined in Appendix I -A.

= Height from ground level.

z = Reference height from ground lPvei.

2 = Surface roughness length (Alexander et n.i, 1971).

a of6 = Dimensionless turbulence power npe-trum curve fitting congtants
(different for longitudinal and lateral cases).

y= Lateral gust angle (see Figure 11-2).

p = Atmospheric density.

W -- Turbulence power spectrumin as given by NASA (see Appendix 11-C),

= Turbulence frequency (f,).

= Iurbulence frequency (radis).

= Incremental value of u! ac defined in Appendix 11-11.

Subscripts

( )-avg = Average valve.

( )max = Mlaxirnum value.

) rrr = Root rn, an fiquare value'.

( 1)r ;t = - CharactUr'iHtlc root.

:-u pe iac ripth

( ), (") �'Tine derlvatives.

I - ~p1 c(, t1'arnifofriun ter'ri.
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(4) The spring constants, K 4 and K, , are an order of magnitude greater than

the damping constants, C 3 and C2' times the highest natural treqaency of the

system.

K, K

TOP VIEW

F igure 11-2. '1 he (.oordinates of the Phy!%ical Model

With assumptionb 1 2 and 4 , the resulting equations of motion linearize ard

uncouple into a longitudinal problem (involving u', q3, and q4) and a lateral prob-

lem (involving y, ,l, q2 , q 5 ), where the longitudinal equations are

C,)qS;+ m,6 + C,)PSU0 U ul (n + m) ~ 3  4

CJ)pSUo (r 3+ 'i4) K 3 qi .- 3 q3 C (11-1) I

q (qa q 3 " where Ci)qs K3(q 3 )0 . (11-2)

and the lateral aquatioro. die

0 C: (ril 4 rnn 1 5 + [r)( A + xL.J(I) 4 in A 4 x:, .

( ]in X •. i- nI~,X l) i'lj + x ) Y/l;0 q

Ii("I X I i] :I, C/
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Jý' UX- x\ - (x -x

I cm ay (Xa xcm) A+ x,)I

I CM+ r 2yx (x Xcmq 2+ ["vla x )

(11- ((A + x q

A)'cr /~' Al - 'xcm) ' c/L;.] q5 Y Y~x~ - x~~~

- x) h 2 (< A)/A3 2 ,(15

q15  (K 2 /K 5 A) q 2  (1 1-61

Furtner, an Ynd Y Cae functions of the fi-equencv off given component o1

th2 atrnospheri:- turbulence spectrum and are derived in Appendix I 1-.\.

11-3. UTION FOR THE ;QLATIONS OF MOTION

When Eqs. (11-1). (01-21 and (11-3) are combined and the n.aplace transfor-

rmation is ni;,'ic, one obtiris the following transformed longitudinal equation of

tooti un:

4- C2 )U (~4 , 2~ s C6 i.. (1 1-7)

where C -(:6 are comlhinations of the coefficient3 in I:qs. (lI- 1). (11 -2) •%ndr

(11-:0, Fir rther, one -nav assume that the system ha,3 firt.st order dvn;tmijc .t~iil-

ity. so that from 1'tkUi (1966),

1-1'I Ija, l. pi i 1 - I -d [1-) Carntine to giv! theý Ion~rituujirwl t'arisfr_ r functio~n,

C~II~
(4Le) -a'( 4 .(I

C. - '
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Now, the atmospheric turbulence is represented by longitudinal and lateral power

density spectrums, P (w) and P (w), respectively, such that
x v -

f,~1/
u rms0 P tP (uw)d~~~ (11-10)

and

rm s 1 0PY(w°)d I'•

L-

Therefore, one may directly obtain the root mean square value of q', from

Eqs. (11-9) and (11-10):

2(3rma = OW) (w)dw(1!-12)

The root raean square value of the axial load at the nose is then given by

(x rms CDqS ÷ K 3 q' 3) rms

Similarly for the lateral case, Eqs. (11-4), (11-5) and (11-6) are combined

and trans'ormed to give

(Als s A2 )• = (A3s 2 + A 5 s A)q 1  ( A4 s 2 + \ 6 a As' (11-14)

and

(B)s 3 (:382 9 I 5S 13 ' 1 .. 4 + 6 B 8 )ý 2 .(1 5

where A ,-A, are combinationH of the coefficients in Eqs. (11-4) and (11-6), and

B3 BB6 are _orribinations of the coefficients In Eq'•. (11-5) and (11-6).

Further, Eqs. (11-14) and t11- 15) mav be combined ind rearranged to give.

by using Eq. (11-8), the following lateral transfer functions for (4 and q,.

respectively:

-)4 w2 1) 2) 4 i L4(I LI) 2 .1))

W 1 (iW) 4 - -- 6)T 1 6

14 - 4 _i.(1 - W 1-, -( - YO

Q2 _11 - -....... ý
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where D D9 and EI -E4 are combinations of A and B 1 -B 6 . Therefore,

Eqs. (01-11), (11-16) and (01-17) give 'he root mean square values for q and

QiW)2p 1/2
:: I rm s V

and

q2 ) rms v 2S 2 ,w Pwd~.12.( -9

and the root mean square of the lateral nose load is given by Eqs. (11-19) and
; (11-6).

F( y)rms = K 5 (q 5 ) rrms (K 2 /\) ( q2)rms (1 1-2))

The integration of Eqs. (I1-10). (11-11), (11-12), (11-18) and (11-19) were done

by a finite element scheme which is explained in Appendix 11-1.

11-4. NUMERCAL EXAMPLE

The moored CBV 250 balloon (see F'igure 11-3) was chosen as a numerical

example. Its geometric, physical and aerodynamic properties are

= 148.7 ft. a= 60 ft, Xp = 87. 0ft, xa = 59.0 ft, xcm= 77.0 ft

A 4.0 ft, E= 17 5. 0 ft, S 3970.0 ft 2 K 2 =83300.0 ft-lb/rad;

K3 12000.0lb ft, K4 ý K S 36000 0 lb/ft, C2= 83,3 ft-lb-s;

C3 m its.G 0Th-s:ff, m 565.0 slugs, Icm = 10.98 X 105 slug-ft 2 ;

r11 96. 0 slugs, m . = 45A. 0 slugs, (va z -.2. 10 and CD -- .06 . (11-21)

A1.o, the balloon was as'su2rred to be moored at sea ie-'el, with ,týri'ard atmospher-

It conditions and a turbulence power spprtrurn corresponding to strong wind "pal-

mettt." surroundings, as i•tven by Alexarder et al (1971). Referring to Appendix

I 1-C, ;ie longitudinal poveor -spectrum coefficients are

or1 8 4.. • '• : 5, N• 0: . 3, r I 1. 0, C5 6 . :;,

'Flrlj ryfý 076 , (I° -12)
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and the lateral power spectrum coefficients are

S3. .78954, et . 10, f .58, -. 35,

and .6 076 . (11-23)

-,, - 1750 FT. -

5 -.7 FT. Z

MOORING- " S' ? F

I i . , .

-- TETHER CABLE

Figure 11-3. The C1, 250 Tethered Aerodynamically ahaped

Balloon

Finally, these values werp "used in the integration srcheme liscussed in Appendix I
11-B, where

S= .005 rad~s and wrniax - 10.0 rad:' , (11-24)I

and the re, Its are shown in Figures 11-4, 11-5 and 1l-6.

Considerirng tirgt the rims I.iigitudinal (13)rnieri. (Figulre -c
c ne secs that this• varies nearl:,' linearly- witth 1: . lhis behavior is due largel~y to
the fact that this mode is well damped by (C I as shown, for example, by the 'h; r-

acteristic roots when U° = '00 fps:

W root -. 063 t t3.6W2. (11-25)

Therefore, the resonance .pik(- in the transfer function, ('.9), w::n low and well
rounded, which (conltributed to the sa noothnesas of (qo) v ersvus I A further

factor wa,' that the aerodl,-nara•ic trrns, ('1) ;,rld Il , v,ere :is.;urred to h: ccon-

stunt and independent of w. which also contributud to the snionthtlic.;. of th(e lcngip-

tudinal tra•sfer fun(-'ion.
J
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F igure 11-4. The lNIS Valesc of 4li Longitudinal Gust S,)eed
and Nýse Flonigation
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when 17 100 fps is

w .018 * i5. 011(1 - 6

I (FY )RMS

.q 1,001
0~
_jO

_jj

i-J

0 20 40 60 so 100 120 bio 1;V
MEAN WIN~D SPEE0,Uo IFT/SEC)

F:igure 11-6. The JMR1S Values of the Mooring Loads

A
'Irllirefore, the resonance spikes in Eas. (*11- j) and (11-17) were hil andI sharp,

-which contrihbuted to the interesting variations of (q, and (a I ith USrrns '2 r rns 0
aIs Shown in i-igure 11-5. O)ne fir~st notes that for 0 U_'j: 40 fps, (q ) dorn-,

inates over Iq 1  aad is neairly equAl to the gi;st anigle, /1 r,. This i, th- windA

regrime where the- hafloon is s%,.Inging nearly in phase with the wind, and 1 :nding at
the mose is, 'nniiu. h-fr- 4n fp,' ii 60 'p~i. ti t- fir-i'. d.,zpla,_cmc n: pceak
encounmtered, whiere the bending angla! o* the nosie, "q is nearly r-quol to the~ms'
swinging anglýe. (q I After a br'IeC reduction at ti z~ (in~ ýýc-ond rdis-1 rrns 0
placement rne-tk is encountered, w.here ýlgain the swnrging and b1endi -angles are

neaTIt-. -e'Ual1 ond furthier, their -n. ;nitud;cy ai e verY high. FintallY. a'ter a)nothe(r

.hi-ef dip ;t ' 120 fps, they cl-ntinue up off the graph.

In the region.. 8 (0 fps !2 to <. 11)0 fp', ;Inlp T' () > 10 fjpS, the nUagn it ules ot

q 0 rrný - nr d q 2 )r rs are hiugh e nough; to heg in %violaiting the suinafl1 purturbution is -

sdlruptions of the iv)or%. ilowf%,ver, tneI L~ru ctura 1 d efor mat ion necessary' to a o
týýuea ,-Ig(. I,- _ so IZ i-ge- jtnat thr- tiie a spring coiist a at, K•2 I wod Id he irii

c~antiy .arger (6ar i-rig 1,lucklinIg) 'han its given val1uc, thus limioting the deformations-

1., valuesq less than r those i ndi ra-ted h)_ thef high ppak regionm nIF Figure 1 1-5.



a ~18t1-,

As a further observation, indications -are that q, and q2 act nearly 08degrees

out of phase relative to each other. This has not beer, checked theoretically, but

moored balloon observations and the low theoretical damping of the "bending and

swinging" mode of Eq. (11-26) along with the fact that (q )rms (q2)r in the

peak regions, appear to verify ':his observation.

Finally, Eqs. (11-13) and (11-20) give the mooring loads shola in Figure
S11-6. As to be expected from the forms of 1"qs. (11-13) and (11-20), these force

curves exhibit th? same typc of behavior relative to V as the displacement curves

in Figures 11-4 and 11-5, and the preceding discussion about these also applies

to Figure 11-6. One important point, though, is that when one is designing to a

a.u'xim wind speed, this should be t + u. If, for instance, the example svs-

tern is to be designed to 70 knots (I !f1 fps) maximum wind sneed capability, it must
be able to withstand aov forces eicountered within 0 1 U • 96 fps. In other words,

0

the design wind ,;peed. ti is always less than the specified maximum wind speed,

which is U a.

11-5. CONCLUSIo,•s

N',it..in the limnit.s of the assurptions on the ph.'sir•d model, ti;s theory pro-

vides a design tool for 1;r;dicting a moored streamlined balloon's rms displace-

ments snd loads. The key assumptions are thoge of small displacemeiits and val-

ocities about the equilihbriurn position and those of 'effective Y anrd mn ", ,

and i-na for the lateral turbulence inputs. The first step toward improving thea"'

tr theory wouli be to refine the latter :,sum-ptionE by considering the phase of the

t~irhulence component as well as its ma,gni'ude mni w-avelcngth ( discussed in

Appendix ll-A), A next itep would be to conIder large displacement nonlinear

motions, althongh this Lould then require representative examples of time-depend-

cat d.! d ml voddl i ivolve a considerable increse in mathe.natical

complexity over the prc:-ent lir,e,r rms in;,lcsis.

Ilo~Aever, pending comparisonoi with experi mental ciata, it ia• felt that this

physical model has retained tne essential features of a moored balloon system,

and that the trends aund orle:-a o.- magnitude of .ihe rep;ults for the example are be-

lievable. 'Iis ci a i Isis is ci conaiderab.i c re in E:nient over static and quasi-static

physical -nodels, tius warranting its cc ppli ration ;: a designi tool, pending subse-

qTient retir, cments to the theory.
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Appendix A

Whin one considers the aerodynamic forces on the balioon due to a given com-

ponent of the atmospheric turbuIence, it becomea apparent that these are functions

of the component's rnagn:t1,de, wavelength, and phase. However, the derivation of

these functions is involved (one must consider r.iodified crossflow theory for the

body and "effective camber" theory for the fin), and the mathematical form of the

result.!a is not readily applicable to the transfer function solutions given in the text

of this paper. Therefore, a simplified form of these functions was obtained by as-

suming the turbulence c.omporiant's phase to be such that the component's maximurm

amplitude, vo, always 'ccurs at x.. (Bee Figii, 3 I-Ai). Further, the ballocn's

effeztive aerodynarm, ýiqg-. , is centered a' xcp, so that the average of v' over

U i• given by

7 v° 3•.t. 2 .•

SXavg '!, , * ,-:il~

'ýo one , ay :0efticn ;in "effective Y " hy

:¢~~~ • , -A2)

which with 1., ( , 1-/ ) ivefr

Y I 2- (- - (I 1 -A3)
-e U)"
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Figure 11-AI. The Assumed Distribution of a
Lateral Gust Cornponsnt

The wave shape for the time derivative of v' , "', is also sinusoidal, so an

"effective m y, may may be constructed in the same fashion as :
ay ay- C

Evaluation of the IntegraIh

The rviurerical technique for ev. aloating the intcg-rlM. I-•qs. (1 1 - 10), ( li-1 1),

(1i- 12), (11- 181 and (11-19), v;',s to approxirmate the areas unIer the [unction

curves by centered rectangles, as illustrated i in r1 11 - l1. A hus. the nunmeri-

cal form of Eqs. (11- 10), (ll-1l), (11- 18), anI (11-19) ia

' 2. ' 1' tr. - w12)1.2 Wl,- i0rena , * 0 OJ
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[2w3 P (nwo -wo12)1/2 (11-B2)

q2p (,B11/2

3'rms= 2wo • I Q 3  (iln o o 2 I _2)n 0 Wo2) 1/2 (1lB3)
n=l

(q = ,2o i(no_ / w o 2) P (nw /2 (11-B5)

2- 1 2

where w is the w inciement (as seen in Fig-
00ure 11-130, and N = LLma /WooIThe integrals rapidly converge when w max

is greater than the largest natural frequency of

the system, so it was sufficiently accurate to

choose
z/

n , imax = 2 X (largest natural frequency).

For the numerical example, the largest natural

frequency was approximately 5, 0 rad ', hence

the :ielection of 1 10.0 rad/s.Omax

I"ur-tier, since the transfer functions of a

, W ligh:ly damped system are usually "spike)',
care must be taken to choom-! an wo small enough

Figure I1-BI. The Cen- to evaluate adequately the spikes' in the curve. J
teted -RectanglehNumerical For the numerical exarnple, w0 less than .005
Integration Scheme

gave negligible differences in the results.
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Appendix C
Power Spectrum Functions for the Atmospi•r•c Turbuience "

- 7 •From Alexander et al (1971). exhaustive atmospheric turbulence measure-

ments at Cape Kennedy, Filorida have resilted in curve-fitted functions for the

longitudinal and lateral turbulence power spectrums:

L du _2 olflIf/m

I1 + 1. 5(f/fmofa2 ,3J

where

f U fm o 3(Z/,/ 4, ji (ZIZ)%, u•' 6 .

and

.4
6 tn(7 . Z_ 0o

Further, since

WJJ 27 SI (tad/s), tlI-C2)u 2; 12
m" u 1 2o 4,(•)dQ ~1/2, (11l-C3)rm

and

!, ~~4 (w / 2TI)( -¢6P'w (W) (I I -(51

- C,
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12. Tethered and Cable Powered Heavy Lift Balloon
Systems Design, Operatfions, and App'ications

R.A. Pout and K.O. Odney
Rxven Industries, Inc.

Giouq Falls, South Oakcira

Abstract

B~alloonc s ;i ~ u.,sual lv eate-gori z~i by f)light Firofills I' w hii are free f ft
v ~~tethereri. ", powered. These flight profilet5 involve thiree basic b)alloron sbapeM -niatural,

~.iodyrarrije (str-cariniod), and spherical superpres'sure. This paper covers- the~
use of natural shaped ha Ilooc; in if- tethv rc:d flight rni xe, having payload c-apac-ities

v ~ in the range of 10 to 20 ton.-;
Two applwiatioris of thins tvpe rff ~ ~i are pre,!e ott'd: - abl)e po)wered. short

haul, heavy load t ranspor-t ardc (2) low -altitude tethe vred platfoit. These it pl ia -

ti ons jn':olve- thf l ci (- 111 ci fat', tO! -;hape b~alljoon ije-;iqn utillizinrg heavy -oated fabrics
wvhich permiit or~ig t(1in, c oni')iui j UCUS01rat coris With hitSvý payloads. (Jac s uc i
SYStt'rl iO C011pMt'c n' 22, 000 ho~ur. of (ope ration ýast year.

A revitew of -x isj)L I ab~le- powe red,* s hurt haul, heavy lift balloon sYstin is used
L lv~~W the? tirimber inluaritv ~ i'turitd Il; tiic((' lot'),ini -ccic'iurrentiv 1),einj,

ornerate'] iutI.i7e 5j')iit-) i.U1' ()lfilc530, 000 _UVO fet. jiu ,o i:al-

b l. of t ran', itoting pay Ioads of 10 onat S t'sof un to 2. 000 fceet pr' tininute.
Also disc-u~sstd are thi- future ar~plic~ati'ins of the shIort haul transport svstenls, inl-
elIuding sliip-tc'-Slcre_ o)I' loading of (argo and i:oristrui' hon.

T[his paper also, review!: arl cxist i, g tethered pl atlornOc appl ic-at ion, a ytr
beingL d veloned as pa rt of the TOPC ý )IF >. rr'an 'a conduc7ted for the U. S. Air-Irre

-The TORt'S balloon support ,vst.-r:. conaists o' a hoi 15K (B1 1. 000 cubiu fellt
heavy; lift hI Lo(on, iet cti qica,-tetlcer systemi, arid wiriclitrigi=~ l~Ct J !it
Mo'iel 815K providles up to 20 to~n~i o liltl eapa it." and, is utilized, to -k"~o'ti
electioniagtcetic pulse (1c1)sruan.Yie papir inicloli' a review r,l oI allooii
systn:tl fle!'igj parcitt'' pc(uliatr to tie(. 'I 0M1US appiiication

"11(-ework ishvleiag oriducted imr:li'r Corctr~ait No. t%-i0-f 5 from' 1. W, (-;, ljie . Xibkk-
qUe'r goc. N(w V, xii R. I.. l)r--ija~ruiin, l'rogimr'ar Nanalier; under ',tir Iorrp(iit'~
N o. .*2 116 01 -7,1 - 0 - 10'f, , U , S. \%i r Ion(,ric - v ; :, I -.11))'1ia tor'\' K ir1;1rt v I Yi' Air Iot'c( ' 1, Iit,
New iM (xic(o, A. I i. ( r iff io :, I 'iog r~i, Ia Unagic-; anid spnorso r'i- 6,; Spa atico %I:!;;i les

Si-cit ri, ()rcin~t iicri (SAXINl.¶))
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12-1. INTRODUCTION

Heavy lift ballcon systems havt been developed for short haul transport and

low altitude platform applications. The iransport configuration is designed for -

"short haul of high tonnage payloads over difficult or rough terrain and water. Pri-

mary applications include mountainous and swamp logging, mining, dam construc-

tion, ship-to-snore unloading, moving oil field equipment, and tower erection. -•

This balloon transport tecnnique has the obvious advantage of moving heavy

loads through the air without regard to surface obstacles. While the balloon pro-

vides the lift, a simple cable system powered by a double drum winch provides the

lateral movement drive. Years of full scale operations in a wide range of weather

conditions have proven this method of short haul transport to be reliable and eco-

nonmical.

1vt another application, heavy lift balloons are used to provide a high-payload

capacity, atationary platform at a low altitude. Single or multiple tethers enable '

the positioning accuracy to be varied. While the equipment is used at fixed sites, it

can be relocated to distani sites relatively easily.

A natural shaped balloon was selected for both the transport and platform

applications, since it has a high static lift efficiency arid good performance char ac-

teristic6 over a wide range of conditLions. Since the naturai shape is a 5,'rnmetricai

body of revolution which does not produce significant aerodynamic lift, full lift

capacity must be provided statically and is, therefore, always available.

lBalloon design, materials, manufacturing techniques, ground support equip-

ment, and operational techniques have been developed specifically for the transport

and platform applications with the net result being an integrated system for a wide

E- range of applications.

12-2. BACKGROUND

Balloons are usually thought of as being able to carry relatively light payloads

to high altitudes. Such systems reflect various degrees of sophistication, including

thin film balloons with volumes in the millions of cubic feet, long--duration Super-

pressure designs, and high-altitude, station keepin;g systems,. This paper discusses

the other extreme, which is the heavy lilt balloon, used at very low altitudes. ; Ihes v

systems derive from the high altitude systems for which the I)asic technology of

ballooning was developed.

Low altitude, heavy lift balloons atc cxnaracterized by pay-l ,ais o! r,-tanv tons,

altitudes usually below 1000 feet, arid nearly coi tinuous op-ration. Such cnarac-

teristics are the result of the need to provide econotliic utiliiatioen of the a yate ; ii
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commercial applications. This need for a high payloao capacity for long Qurati.ons

a has led to the development of a class of natural shaped, heavy load balloone which
have nearly an all-weather capability. Along with the basic balloon envelope,

ground support equipment and operating techniques have been developed for this

class of balloons.

E The two types of flight regimes in the systems described are (1) heavy loads

a. low altitudes with lateral movement and (2) heavy ludds at low altitudes at fixed

points. Both require an extreme duty balloon capable of being maintained in an

inflated state for long periods of time (from months to years).

Upon detailed analysis of transport and platform ob'ectives, the natural shaped

balloon design was selected. This shape was chosen, since it has a high static lift

efficiency, is not dependent upon aerodynamic lift, and can be fabricaled with heavy

coateJ fabrics which yield long life cycles. Other parameters, such as the ability

to withstand high shock loads, entered into the balloon shape selection. Based on

some 50, 000 hours of operation, the design selection has proven to be correct.

12-3. BALLOON DFSIGN

The highest static life efficiency of any balloon shape is a sphere, and the

natural shaped balloon approximates that shape (Figure 12-1). The natural shape

does not have zny region of excess envelope material or extreme stress concen-

trat.on. The payload force is transmitted primarily into the balloon meridionally,

and the circumferentia! stress is practically zero.

12-3.1 Shape

A '"natural shape" is variable within bounds. A complex shape factor, called

37, basically describes the relationship between the inflated height and diameter.

The T vclue normally varies from 0 to 0. 4. where at F = 0 the balloon weight is

small compared to the ý'ross lift and at r - 0.4 the payload is light compared to

the balloon weight. A high T value represents a fatter shape (that is, diameter-

to-height ratio is largecr). leav,' lift balloons are designed at low 7 values, since

the balloon weight is relatively much smaller than the gross lift.

An in-partant feature of a natural shaped bailoon is the ability of the design to

carry heavy loads witnl relatively uniform !cad' distribution into the envelope. The

uniform tdistribution also enables this design to take shock loads with minimal

stress .onc:entrations and hending rnonients, as is typical in aerodynamic shape

halloon:i. This hasi, characteristir' of balloon design ýs of paramount importance

to transport op,'rations. A. natural shaped balloor, ii al'so r'onducice to the addi-

tion of ow ridirnal dire-tion lead carrying niemb'r., te) the gores to permit heavy

payload designs.
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TIE DOWN
STRAPS

Figure i2- 1. tlaturai Shaped Balloon Configuration

12-3.2 Aerody-namic Considerstions

7The acrodynamnic force :oeffivient properties of natural snapes are shown in)

Figure 12-2. S~ince a natural snplballoon is a syln.rnetrical bod.y of revolution

about the vertical axiw, the~ for( coefficients are independent of wind direction.

This property is of prime importatnce inl transport functions, because the balloon

must operate at or near full lift capacity regardless of wind direction, As shown

in Figure 12-2, aerodynamic lift cannot he relied upon under normal wind condi -

tions. In fact, the sýysteml will norniallY ope-rate in tne iegativp aerodYnain~ic lift

region. Sinc~e system design is predicated cm sattic lift only, this coefficient is

not considered in determ'ining nraxinmur., usable lift. flowev Cr. in riesigriing a

systern for a fipecific payload, allowvance is mad(- in trif riof excess9 .tatic lift

for predicted negative aerodvnan .c lift. This added lift is relatively smiall, since

the negative lift coc ffic~ ent is ý'ne ountpredl on lv at lower wind a pf-eds.
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F~igure 12-2. Natural Shaped Balloon, T' 0. 0, Force Coefficient Variation With
Angle of Atta .k

The drag c oef fic Lent for natural shapes generally falls between 0. 2 and 0. 3 for

the Reynold's number range considered aoplicable in both transport and platform

systeMs. While the drag coefficient range is considerably higher than that of the

aerodynamic shaped balloon, for the applications described herein, this disadvan-

tage is greatly outweighed by the advantageE of the natural shape, namely, volu-

metric efficiency, independence of aerodynamic force generation (that is, ability

to operate at full lift capacity regardless of wind direction), high mass moment of

inertia, gust stability, and uniform envelope loading.

The natural shaped hull. is very stable at low altitude operations because of its

uniform cross section and the static lift. Gusty wind condition effects on an in-

verted teardrop 0hape are small in comparison with an aerodynamic shape, and

oscillations typical ty are slow and quite limited in normal operating configurations.

Envelope sti ssses in a natural shapc are due to the envelope internal pressure

generated by the dynarnic pressure and the distribution of the payload forces into

the envelop(,. In a 530, 000 cubic-foot balloon, the envelopo' stress induced by a
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60 knot wind is 32.1 lb!in (includes an overpressurization factor). The maximum

load input to a natural shape is at the skirt/balloon interface. Under a 60-knot

flight condition, the load input at this interface is approximately 46, 350 pounds.

Assuming uniform loading, the skin stress is then 43.1 lb/in, and the gross load

input in a 60 knot wind is 75.2 lb/in, The basic fabric strength is approximately 220

psi, thus the safety factor in the "material only' case is approximately 3. In the

actual design, the applied loads are carried by the load webuings located on the

balloon gores and by the envelope rmaterial. A 530.000 cubic-foot balloon has 78

load webbings ratc:d at 2, 500 pounds tensile. Considering the load input to the

envelope, the safety factor relative to these applied loads will be in excess of 10.

P-3.3 Materials

The envelope material utilized in this class and shape of balloon is a coated

dacron fabric weighing '0.75 ozs/-d. This materiai has a tensile strength of

approximately 220 lbi"in, is ultraviolet resistant, and has a low permeability in the

range of 0.3 Is/rn .,24 hr.. The elastonieric c'oatings are also highly resistant to

abrasion and wear.

A continuous loop of steel cable is used as the top end fitting. Load webs

attach to this loop. Stece cabies connect the load webbings to tie bottom end

fitting. Lightning protectior is provided by a top mounted towe- and multlple

braided cables ex-tend:ng dcwn the load webbings to the bottom end fitting. This

fitting incorporates a multiple awivel and is coupled to double tether lines.

These balloons are normally inflated to 90 percent of their full volume to

a.low for temperature and pressure aititude -hanges. At this mnflation level, the

lower portion of the- balloon is sla',. A skirt protects the slack portion of the

balloon and also serves a; a load transfer covoling between the balloon and the

bottom end fitling.

12-3.4 lypkal BIalloon Sizes

Heavy-lift balloon sizes that have been or are currently in operation have

volurres of approximatelv 250,000 530,000 and 815, 000 cubic feet. In volumetric

comparison to high altitude balloons, these sizes are ,small. However, since these

units are essentially fully inflated -t very low Ialtittiiles, the payload capacities are

large when compared to other types -i balloons. The payload range for the above

nmentioned systems is 11,000 to 40, 000 pounds. Balloons with payloads in the

100, 000-pound -lass appear feasible and probably within the state of the art.

I
,I
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The specifications for the three balloon sizas that have been useci operationally

are shown below:

SPEC IFICATIONS

Models 250K 530K 8 15K

Volume (ft 3 , max) 250,000 530,000 815,000
Diameter (ft) 81 105 123
Height (ft) li7 113 121
Approximate Balloon

Weight (lbs) 3, 0C9 6,200 8,000
Net Usable Lift (Ibs)

Sea Level 11,000 25,000 40,500
p5,000 ft i,500 20, 7 60 33,790

Approximate Wind Drag
425 mph, S.L 2,400 4, 100 5.600

Lift-to-Drag Ratio 4.6 6. 1 7.0
Lean-over Angle@ 25 mph 12' 90 8.

Estimated Lift
Loss (lb/day) 25 40 50

A 530,000 cubic-foot balloon, as shown in Figure 12-3, is normally flown in

winds up to 40 mph. Thiq 105-foot diameter balloon is shown in bedded down con-

dition in Figure 12-4,

In this somewha. -tered condition, winds of approximately 100 mphhavenot

had any detrimental effect on the balloon.

12-4. CABME POWERED, SHORT HAMl, TRANSPORT

Natural shaped, heav-y lift balloons were developed primarily for tle logging

industry. Large volumes of timber located in mountainous terrain cannot be har-

-- sted using ground -!.idd-ng or cable systen!s due to their physi.:91 limitations,

extensive road construction, and deleterious impact on the terrain. Other tinmbher

located in rough mountainous terrain is expensive to ha.-vest with conventional

equipment and in many cases cannot be transported from the cutting site to a road

landing for hauling by truck to processing mills. Mountain road construction costs

range from $20, 000 to $75, 000 pr mi!e, and their usage is being restricted be-

cause of tl.e damage to forest regions.

During the mid 1960's Raven Industrico, Inc. and Bohemia Lumber Company

initiated the decelopnnent of an airbhrne log transport system using a natural shaped

balloon. The balloon desii.n was selected upon thoroigh anals is of the operating
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requirements and flight regime involved in carrying a payload of logs from the -

cutting site to the landing site. (This phase of moving logs from the forest to a -

road site is called yarding.)

Yarding logs with a balloon involves the use of a balloon Wo supply the lift and

a winch-powered cable arrangement for lateral movement. A typical layout is

shown in Figure 12-5. The technique can be used practically anywhere a line can -A

be strung-across steep slopes, valleys, swamps, high timber, rivers, and other

obstructions. The winch, or varder (Figure 12-6) as it is commonly called, has

two power-driven drums that can be driven througl, a hydraulic "interlock" or

-= differential. One drum contains the main line which extends to the balloon and

~~II

~~ At - 1AI5 &OC efI

". .' • ° , "44

AAG "' i NE .

-zL -: AIOKER

Figure 12-5. "'ypical Balloon Logging Layout
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Figure 12-6. Model 5301K Yaroer

pulls thle bal loon toward the variter. The other drui it holds, and powers the hiaul -

back line f'or toe outbound trajectory. With either thle mainiline and haulback drumn

locked, the rernaininif drum-- feýeds Ilinec in or out, thus* controlling the bal-loon alti

tude over a fixed on)int Ittt2 rrtainj in ad nauinac <- act a-; a wvo -point tether line).

The balloon is nto&ed horizontalklL lettingi out en eýither the- Itiuibtck o)r ma inlint

anid pulling in the other linie. Obvious l~v thesec tw.o rnoiies of coupling and uncounl ing

t.e haulb .Jna ; tetiut; :.ejo rt tnca it' le ijjji mn toni lr

in, a powered tra-lectorY iui t"V cable latiit pcitti. Nlaxiniu:! line sýpeedi is- about

2, 000 fptm.

Both lines, from thiedr'::.n : go thrioughi fal pleader> lbeaten On a tower on the

front oi :ný, v:irdrcr. The, ziauiln.tk hnfe is iasdtmnugwh a waiht(l) (ii stud j)

anichored tlulb locks Ilocated on thle uno r' end of the tiniher a rea beiti ng hrve~ ted.

The free end isi attachelI to the buý,t riocgirii, %%ilt hii tie iato ti-tier point (if i-n(

bal loon. 1 hr ~it; lnirl ne xtends 1rom. the' -,airdv to the' hutt 1'iga. i o. ftetga

closed loon t-ables-tem

The ballo'm i n001201 H( flwn250 tio .00 fee(t a tilete buttt r12k-:Ys_!ii til

tag: line, whiich exterid.:I -lov-n Cr 11wIi Limtt vlg'c -i-iu,> in luieti igth 5t t ;vh fet.
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Chokers, short cables with quick couplers, are w~rapped around the logs connected

to the tag line by a ring and toggle connection.
The cable track is ini'tiaily set uip with a light weight "straw line'' that enables

the o.ae-inch steel. cable to be -itrung through the tailbiock layout under power froill

the varder. Relocation of the cable layout iti a giver logging area is dlone by pro-

gressive movement of the tailblocks on the upper end of the area being har-vested.

Yarding distances are presently limited to approximately 3-500 feet. This
_7 distance primarily' is determined by the mainline and haulbacK drum size. Future

systems, now in tiw planning stage. v. ill extrend this disttioce beyond a ml-ile and,

possibly, many iniles.

A 530,000 cubic foot balloon with a 90 poýrcent inflation level ha6 a ne 'lift of

25, 000 pounds at sea level. The nominal log payload range is 20, 000 to 22, Colt

pound.s, when e'llowances are made for thý: suspended cable arnd riggina',.

'I he average transported load is lower than this, since the tog selection

process is done by gross scale estimates rather than a wuigh-off, and it is pref -

erable to underestimate weight than to o-:erebti mate. One co~mplete cycle will

vary from 5 to 8 m~inutes, depending on th-e ya--ding distance, log felling conditions,

ard timber density. In general, the balloon lojgging systen. has a tran.sport r-ate

of 10 to 11I tons over distances up to 3500 feilt every' 5 to 8 minutes.

Twoslftope rat oi. a have boc n util iz -1 ;1- LL~I,-ý 6'Us!,ft., ai e Wa~lited .. Iiw

near f'xture with the use of portable illu!- - iation dlevic es. D~uring recent years,

!vome 50, 000 hours of full inflation timet Lav-2 been recorlded on natural-shaped

logging balloons. The only mishaps which occur ved during this period werc cases -

in which the balloon w s flown in conditions outside the rated flight retl.nrnO. The1

three cases were (1) balloon on tether in whinds of 100 mph, (2) icing conditions,

(3) balloon struck by I ightriinEg prior to installation of L lighuning protection device.

Relocation of balloon logging cquipment is relatively' sinmple. 'r;ie yarder is

track mnounted and -an be inoved -short distances under its ownr power. Larger

hauls are made by loading the Yarder on -I lowboy trailer. The balloon is moved

in a tethered state 200 to 300 feet above a tranisfer vehic..V, which is shown in

Figure 12-7. B~oth rubber tired and, crav~ let- type tran.-fer vehicles are used. 1'he

cransfer -cehicle is lcaided on a lowboy trailer foir long moves. 'The equipment

has been mnoved ever distan':es up, to 80 milesw in one night,

Other halloo)n transport applications, either ini process or being evaluoled.

include ship -to -shore unloading an'd conatruc tio., )perationrs Ia pipelinu i nstallIa-

ti on, %3wamip loggi ng, ar . *' irig ). A ship -to-s here test p~ro)ject is to ho conductedi

ir the yerv' near fittnire, on I' 25 r: 005. A tviaship -, e-sho)ru setupn is-il'

in JVigor'! 12-8. (Jornstruci-io.- oje.ct ojpnii( atiens will pr,;1bal-iy, he triud soon i

a niumor .- of d; ffervnt atreas,
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approximately 5 meters. The pulser, provided by Maxwell Laboratories, is

mounted within the antenna in any one of seven locations. Support and control of

the antenna system and pulser is provided by the balloon support system, which

consists of the Model 815K heavy lift balloon, the tether system, and the winching

equipment. While these major components of the TORUS System employ largely

state-of-the-art techniques, the assemblage of these into the TORUS System has

resulted in a uniquely flexible and portable EMP simulator.

50-METER TORUS EMP SIMU!.ATIOR

Figure 12-9. TORUS System Configuration

1 2-5.1 Design Considerations

The TORUS System is designed to operate in the following environmental con-

ditions:

(a) Ground elevation - 0 to 6, 000 feet MSL;

(b) Temperature - -20°F to +100'F at ground elevation;

(c) Humidity - 0 to 100 percent (relative);

(d) Wind - 25 knots steady, 40 knots gust.

In addition to these operating rcquirenrts, the s.ystemn is designed t- survive

the following conditions:
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(a) Ter.mperature - -40*F to +1206F at ground elevation;

(b) Winds - up to 70 knots;
(c) Other conditions - The system is designed to withstand combinations

of the preceding conditions with rain, snow, hail, lightning, or icing conditions.
The use of the balloon system with a high voltage pulser has resulted in addi-

tional specific requirements. Primary among these is a requirement that pertuba-

tions of the generated fields be limited as much as possible. Such a requirement
imposes restrictions on the proximity of conductors to the antennawhile the pulser

is being operated. For this reason, the tether lines utilized for TORUS are dielec-

tric.

1.-5.2 Balloon Amembly

The Model 815Kis shownin Figure 12-10 in the bedding area at the Acceptance

Test Site in western South Dakota. In this photograph, the balloon is inflated to

approximately 85 percent of its theoretical volume and has a net static lift or approx-

imately 34, 000 pounds. Figure 12-11 presents a more detailed de.ccription of the
balloon assembly, and it can be seen from this figure that the inflation level of

34, 000 pounds shown in Figure 12-10 is slightly below that considered to be

optimum.

Figure 12-10. Model 815K at TORUS Acceptance Test Site
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MODEL bU5K

SYSTEM DESCRIPTION

1. MODEL DESIGNATION 815K<

2. DESIGN TYPE MODIFIED NATURAL
SHAPE ENVELOPE -_ --

TANGENT ELNRNESS LOAD
SUSPENSION

RAM AIR PRESSURIZED
SFIRT/BALLONET

3. FULL VOLUME 816,800 CU. FT.

4. ENVELOPE DIAMETER 123.25 FT.

5. HEIGHT (BASE TO CROWN) 121.38 FT.

6. NUMBER OF TIE DOWNS 9

7. WEIGHT 8,000 LB.

8. GROSS LIFT, 90% INFLATION, @ SEA LEVEL 48,500 LB.

9. DESIGN LIFT AT LOAD FITTING (NET
STATIC LIFT), 90% INFLATION,
STANDARD CONDITIONS:

a. AT DENSITY ALTITUDE OF 0 FT. 40,500 LB.
b. AT DENSITY ALTITUDE OF 2,000 FT. 37,730 LB.

AF
C. AT DENSITY ALTITUDE OF 5,000 FT. 33,790 LB.
d. AT DENSITY ALTITUDE OF 10,000 FT. 27,820 LB.

Figure 12-11. Model 815K Systrn T)escription

1The minimnum require-I inflation level for the TORUS balloon is af, rollows:

(a) Playload weight including antenna, pulser, and instrumentation -

15,228 pounds;

(b) Tether system - 4,588 pounds;;

(c) Stability allowa'nce - 3.700 pounds;

(d) Maximrurn variation in tether u.ystem weight with ,!xtre_', Iw, in anterina
tilt angle and pulser location - 500 poundn;

(e) Allowanwce for' moisture rA,ickup in dielectric totiher Ihnros arnd fon

balloon 2,000 pounds.

I uotui ixeci weight ann aiicr.vancc'' equals z6. n i6 pounds.
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In addition to the fixed lift i o-ii c.,-er , there is a variab!p rf.luireroer. to

insure that negative aerodynan, Ic 1- is cor_.idered. At the TORUS bystem Acceu-

ance Test Site elevation, this v luo will not exceed 3300 pounds. Therefore, the

total net lift required for operating the systLrn at the Acceptance Test Site is

approximately 29, 300 pounds. The excess available lift is desirable, since it

provides additional stabilization to the system.

12-5.3 Tether System

3Both the balloon and the antenna are controlled by the tether system. Two

tether line assemblies, evch having a iengthi of approviriateiv 340 feet, areattacked

to the base fitting of the balloon atnsenibiy. These tether lines, called the main

tether lines, are in tu,'n attached tto tL.e tether point fitting. The tether point fitting

forms the interface between the main tethers and the anchor tethers, or quad-

tether system. Thef.e irur anchor tethers, each 780 feet long, provide the basic

contrc; of the ballo*-ý and th: antenna through the tether point fitting. Two of the

quad-tethers, those cn the axis perpendicular to the antenna, are controlled by the

winching equipment. The other two anchor tethers, those in the plane of the antenna,

are attacr ed to fixed anchors. These two lines are preset to the proper l'ngth be-

fore lifting the antenna, and all adjustment is made with the lines ittached to th,

winche,. ' h-_ fixed-length anchor tether.i q,.z providi- the mounting point for the

pulleys and linLA utilized in shaping the antenna. The r latinnshi.. (f these tether

system components can be --een in Figure 12-9.

Since the tether lines must be dielectric, one is limited in the types of lines

which may be conside e,, In the case of the TORUS 3ystem, the predicted maxi-

imum loads are such '.'.:. even mur- stringent limitations are imposed in obtainingF' a tether line which is both strong enough anid flexible enough to permit operation of

the system.

The line selected is a double braided synthetic line made by the Sampson Cord-

age Works under thetrade name 2-in-l Stable Braid. The specifications for this

5 line are shown in Figure IZ-lZ. A description ol the assemblies which form the

tether syste- s presented in Figure 12-13.

Both th ir'iin tether system, that is, those tether lines between the •ether

point fitting and the base of the balloon, and the anchor tether lines are of the

6s.,me material. This is necessary in order that all lines may be winched with the

same equipment. The result IF that a substantial safety factor is present in all

portions of the tether sy.•ter.,.
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TE'THER LINE SPECIFICATIONS

TYPE: S1.4SON 2-IN-1 STABLE BRAID

CONSTRUCTION: BRAIDED POLYPROPYLE1E CENTER WITH
BPAIDED POLYESTER COVER

DIAMETER: 2.25 INCHES

CIRCUMIERENCE: 7 INCHES

BREAI.IING STRENGTH (AVERAGE) : 140,000 LB.
tA

BREAKING STRENGTH (MINIMUN): 123,000 LB.

WEIGHT: 1.40 LB./F'i'.

Figure 12-12. TORUS Tether Line Specifications

12-5.4 Ground Support Equipment

Thr. ground support equipment consists of two winches, one stationary and one
mnobile. The two winches are essentially identical, the only difference being the

"use of an additional hydraulic pump on the mobile winch to drive an auxiliary drum.

The stationary and mobile winches are shown in Figures 12-14 and 12-15, respec-

tively.

Designed andi manufactured by Otis ln~rneering Corporation, they are capstan

type winches which are diesel powe.'ed and hydraulically driven and controlled.

The die,'}l engine drives the hydraulic pumps, the main pun'p on each winch uriving

- the main hydr-uli' motor, which in turn drives the capstans through a combination

gear and roller -hain transmission. The small pumps supply pressure to the

t hydraulic rn0 Lors which drive the Ft,;rage dr'ums throu,-h roller chain tran.-rission.i.

In both wi:.( hus. thu storage drum Is connected to a level winding Fystevi for cable

spooling ope ra!;ions.

The ,able enters the winch through a fairlead asscnbly and pamsct' through a

sheave ni~ourted on a hydraulic load (ell, prvidinj' line teni,,vi, read)ut. Iron, this-

sheave, the cable Ipas.se- through the capstans. ove~r which the c-ble is wrapped ,,;x
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TETHER LINE LE,4GTIIS

[ ~AS SEMBL Y*
LENGTH WEIGHT I

E Main Tethers:

Assembly No.1

Long Length 309 ft. 444 lb.
Short Length 29 ft. 63 lb.

i Assembly No. 2

Segment Length (2 req'd) 169 ft. ea. 259 lb. ea.

Auxiliary Line 4L' ft. 89 lb.

Quau 7eLher5:

Fixeci Lines (2 reouircd) 780 ft. ca. 1,103 lb. ea.
Winch Lines (2 required) 780 ft. ca. 1,103 lb. ea.

Total for S5'stem 3,844 ft. 5,526 lb.

F,~ Weight is manufa'ýtured assembly weight, including thimbles.
Does not represent airborne weight.

Figure 12-13. TORUS Tether Line Assemblies

times. It then paices throuigh the !c-cl winding rnechanlisnz to the storage drwirl.

Tension is applied to the cable by the capstans, permitting use of a low te.1sion

level wind s:ystem and storage drurn.

A single lever controts speed, direction, anid braking of the winch. The brake

Na failsafe type and~ is applied wheriever the control lever is inl th-, neutral posi-

tion, or at any time hydraulic. pressure is lost. The systeri is desiplned to operate

uinder [power inl both di rections, in -haul and out -haul, from) zero to !iaximumn speed,
In a continuous. stepless rrianntr All corpoprients of the winch aceloc: do

skid -we Idruent suitable for- anchoring to a pirn anent sijte or to a vehic:le. General

npec ificeitionif; for this MUodel 4011 WXinch are shown ill Figure 12- 16.
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MODEL 40R WINCH

GENERAL SPECIFICATIONr

1. RATED IN-HAUL CAPACITY 40,000 LB.

2. MAX. IN-HAUL CAPACITY 65,000 TB.

3. RATED STATIC LOAD CAPACITY 80,000 LB.

4. CABLE SPEED AT RATED IN-HAUL CAPACITY 25 FPM i

5. DRUM CAPACITY 1200 FT. OF 2h" DIA.
LINE

6. LENGTH 186 IN.

7. WIDTH 93 IN.

8. HEIGHT 103 IN.

9. WEIGHT 24,000 LB.

Figure 12-16. Model 40R Winch General Specifications

The mobile winch is mounted on an International Harvester %1-623 truck. This

truck has a normal gross vehicle weight rating 3f M3 000 pounds. However, a tag

axle is added to the truck frame to increase the gross vehicle weight, thus improv-

ing stability during balloon transfer operations. The gross vehicle weight of the

mobile winch and vehicle is approx.imately 106, 000 pounds, including approximate-

ly 52, 000 of ballast. Specifications for the vehicle are shown in Figure 12-17.

12.-6. CONCLUSIONS

Natural shaped balloons with high pavioad capacities and long duration flight

capabilities have been developed for use as transport vehicles and support plat-

forms. Current commercial operations in the forestry industry have demonstrated

that this tarnily of aerostats is both reliable and economical as a prinmary lift

component in an airborne lo: transport system. Other current and future transport
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projects indicate a high degree of versadility for this area of lighter -than -air

technology. A tether platform design with a capacity of 40, 000 pounds is undergoing

initial operation check out and is expected to be a proven system in thle near future.

MOBILE WINCH VEHICLE SPECIFICATIONS

1. TYPE INTERNATIONAL HARVESTER
t M-623 TRUCK WITH OTIS

ENGINEERING MODEL 40R
WINCH

2. LENGTH 384 IN. (LESS TAG AXLE &
BALLAST)

3. WIDTH 101ý IN.

4. HEIGHT 164 IN.

5. W2 I GET:
TRUCK AND WINCH 53,860 LB.
TRUCK-MOUNTED BALLAST (STEEL PLATE) 21,600 LB.
TAG AXLE AN4D BALLAST (STEEL PLATE) 30,720 LB.

TOTAL 106,180 LB_

6. CPRAWBAvz PC.,L (U.OZLETt UFC) 30,000 LB. ';,ESS TAG AXLE
S~BAL:.AST)

40,000 LIB. (111ITH T2AG AXLE
i.BALLAST)

FiLiire 12-17. 'dobil~c Winch Vehic l ne ir-in
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13. Manned Aerostat Research Flights

KMH. Stehling
National Oceainic and Atmospheric Administration

Rockville, Maryland

Abstract

While mrost exue ri x%-n nrali~ ac ro.M at :nay! I0 :cl], rieiieitý, these days

think in termns of u~n~m anc.: lhitg alt ituiesvto a o;rt\a i'szcful. i mc restin:.
and practical scilentific invit igat ionz can I,(- re: idwtutc frwt Inw. attitude (1c-ýs than
10. 000 feet) rranned act-oat.

L Since 1970, the authoir, e. lir-cn.;CI n111t %% wLl.-1 1 it~i: hsmd 1.-!S~r-vtal

tions varied t ront iix houriz c) ovu1 40 11is ?. ýIlt 101i- rori- :3000 to 10, 000 reet.
Various Air Fornc-,e A 'RI. nt 11,! I ivt'aitv i i'h~oa'~n'~tr'
and sky .,,..cts ;w,,ieit ,oi ýtiliris a ii C itiI.Data \.wCrn(
Collecti I and at e, listed oi-i %-a. iou.ý ni(tio-oroL oi' a: an-mi hr Li htm-s features.

It t., shown that sun h daita can he *~ci- -cIi ahl% I, ad uhew, ni arid that thet

saf,,lN and ni-liahl% and nernmit (;O~( :,, ~ --- iIit )0SdN0~t,:I

ment totallv free fins. -a - iut i t It ti>l iii tlrS i~-

Ntote P3 nr) fe rnt va va lal!

Preceding page blank
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IA1. Engineering Aspects of a Balloon-Borne Astral

Pointing System (BAPS)*

r D.L. Guthals
Ball Brcthu P.auarch Carporatiu.-,

Boulder, Colorado 4
W. C. Gibson -

V nned Spacecraft Center
HoustIon, Texas

14-1. INTRODUlION

A two-axis stabilized platform wa-i devx_ ed to pa~int a scientific package at

stellar targets while surspended from a e Figure 14-1l. Thev rt qriure -

ments imposed by tile science were e) required con.~iderable use of both

an analog and a digital computer to arrive at a satisfactory de~sir~n.

It was desired to point a teles-ýope with an attached ultraviolet spectromneter at

selected stellar targets. The Halloon-13orne UV S-tellar Spectrometer MIUSS) ha.,

been described elsewhere bY B3ottema et al (1!97 1) and is further des, rihed ir. a later

section of this paper. rThe telescope optical L1xiz %vas re~qkire'J to track the t."rge~t

star to within 2 aice second,. to attain the destred Lsnvrt ral rveol ution. I uv to

physic~aI si zr: and errnvir'onrr ant dvrram ics , a or ulti stagfe point iigi rcrrr:Cpt an5usedc.

I)etailco nevrvri do~ij.gn ir."rzmnatiorr has beer) e-rilwil lin ;i(s' t a! W1 7 2).

hisj publication rVi:ilt; frynrm ltre v.rit k liallfi r~ti;-crsi ltcr;carchl ( irpraorzio
MIMIRCI did for thc Plrinolarv arnd kEuth Sý icri's l)ivi.5lrmr 'f tive' marine'] S a, & 'cra~t

Preceding Page blank
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-WI

I iqurcir 14-I. ha~i ltow A.ýt';tI Po; ntirtg Syvsten.

-- illoort-Borne AM 131 Itloiritirno: S\,.-t't: (HI IA') inompri'sod thc' : pst two stai,,s of

pointing bitiu tf ';-'~ x:t v:t'w 3jr o!': :nt tc'nIl tai'fct star, and~

a ier'vo-oriv'eji scýz'n;!.;1y, :trN r' %:'\k;s sit' Iirm;, I'nintkI.4 stagi. I dt'i'LU :I;; tic Utte ' to)

_2 art: second,!.ýI
TI'iv iN's ret! 'i'i::'i '.: ''wb tIt :i:t'ifutoIalloosi rt'Iiting ;It

I t it. 151 ds tt',Itc I tt I:.' :' 1 L:ptt'. t dt n I- )N I i-tt to itt;: f:Vc' ;Jor)i: of t ai-

get tubse tittWi a 11t .3 ii t;'i; tn'u1 n fitw !;I- tt It 1, f a;'dI
a ll, th ' ;,I! c - c l 1 . P I 1 ,., 1; 11 V.I r j . (.t. J ; f.

I 1G ,
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14-2. PLATFORM CONFIGURATION 1
The platform is divided into two basic sections. The upper section is referred

to as the pointed section and the lower section as the gondola (see Figure 14-2). I
The two sections are connected by a semi-rigid support shaft called the azimuth

shaft, the upper end of which is connected to the balloon suspension train.

A

ELEiA'I!ON AiMuTH
AXiS SHAFT

CAGE SERVO

SYSTEM

EQUIPMENT .... - - -1
" -- Et, MANETOMETER

EXPiRMENT SENSOR BLOCK

SECTON 01

, . NCEAR"I '- GEAR -

COU8OA L A!'fi 7

CR'j3H i-•A
'2 OTHER OPPOSITE)

Figure 14-2. HAPS Configuration

E'lectricil ,'o:rn (tinIl ;iaiJo troni the ginijola stictio, -.o the pointed section arc

through a 14--;cgro•rcit brush and sip -ring ::siiem•hly. The gondolu supplies power

arm: j.-t-dcodreJ r-•'or,'.nlir,,J siil il.4 thrW•uIgh thie 4]ip ring a0 Ise:nh1(Ii, ind] the p~ointed1

section .uppI .es the I'C(%i (MfodrI l- output thr(;ugh the slip ringf ass8''ni)ly to the Rl.

trarisroitter located In the 'nC)dola.
I C g 14,., L~i U t a, a ita , • n , cffl t, i -, I •'~ 'L 't a

aS the rtiriuntinik, area for the. hatter-v suptily. 1(0ff 0 (I)tI( V I"'('ivtr 0;r(1 pI -iler-odier,



224

RF telemetry transmitter, power' control command circuitrv, and balloon launch
facility flight gear. in addition, a single, centrally located ballast hopper and valve

are m'ounted on the gondola. 'Ere ballast hopper I,. positioned dirctly in line with

a vertical axis through the center of inass of the entire payload. This location

reduces to negligible proportions the effect of inuv-ed forcing functions on the servo

during ballasting operations required for balloon control.

The gondola is a truss structure fabricated from aluminum angle to reduce the

cost of repair and refurbishment. Field damage is easily repairable, since the

damnaged piece can simplY be replaced with another which is cut andi formied using

common hand tools.

Thzcre are apparently as iarcy ways to turn a payload over upon landing as there

are people who have flcwn payloads on balloons. We considered releaciing the pay-

load from the parachute upon ianding but disjcounted this approach dlue prim~arily to

paylcicad safety and payload release systemic inadequacies. Instead, we assurned that

payload turnover would occur, anid a prqlecctive cage, the roll cage, Was devised to

protect the e~perinient and the pointer (see F~igure 1.1-2).

Attached to the bottom. of the gondola are crush padls (sýee I- igtire 14 -3! designed

to limit landing loads to less than 15 g taccelicrstion dume to gravIty1 v('rticaljyV Mid 10 g

horizontally. The c rushl pad is a three -tiered device miade Yf laminated aluminum

and honevconib paper panels and blocks of lionevconib cardboard. The tier con-

figuration permits a progressiv'e reduction of velocity in both the horizontal arid

verticalm directions bly mean.- of a sequemvtial lea ring ani shearing uction. The paper

miaterialR are im-Tpregnated with ai subs~tance to prevent softencing du,. to water ab-

sorption.

The pointed section is mounted to the azimuth snaft bv -leans of low friction

load ' -arings (set- Ftgurr. 14-2). This sectiojn (containos all the se rvo e 1e trorcics

arid ý. lPCN -mncc'drr omdr sur'es as the cxpsriocen-t :ccoUcct. The ItXpericicent is

monuntedl inr cantileve'r [a~snioi r to cI 'arQt,' flangt : ); tiw end of a horizontal shaft./yoke

fixture refer red to as ie Olt (.(, at] :cci shtaft. There is unl ic itect rotatir(cia I freýedoml

arouind tihe azii:;irih axi-s sri'i, (5 ncigrees rcctstio.-cat rc; i ar)ouind Ole e ovatuiol

a X I,

E'llectrical coiiTiecti'Iilz; fcica'J to the expeýri it ý'nt are thrciuiz'c two large, flexiblu

lnoils of teflonl inimlated w-c e. 'I ice loccp.s alr v ccsiticclecd So is tol on)rlccsr( sCa I otlier,

thereby icdlu ircL! c attle r',,iw;fs acioundi t .. c'ii'.'ctcrcmc axisý. i".lluitrei to Owr vXpcri -

icterit is the 1311WC-built Star 'I itici-er sýý ncnom'. It is a sl-'ctmcdurcit that in'-

al igclec. with Oihe ti lustI op' A 11idict shteicl, thit ii niottiicts in thes tuh-s5oyt )!L clh,l

pctrn! its -'eratcInII till. shi'tmacrm to is' c-l osi. a'; 3O 'lugrees I Icciii, t ;"icl'' oca,.

'Ilc cciiil I i' (. 5etio,) h:1, i alcied tcc it a pcictfuc(tive stcncI(tucc- thact pim' it

'cccj LQ It' ir l t Ic I tceI, e ic I lit tic'' v.cnt 01cc0 Ic c,:s',cej,)ccci tul ciic et

landlcing. T;[ is .-;!tcu( !lr( '1k,:) prfv'cl-.'il' : : aicc ii -c it m ci i- ,c:-cc~' r~ icc



block (see Figure 14-2). The roll cage structure was fabricated ft jrl thin wal ten

aluminum tubing and welded together in easily assembled sections. Yoke structures

mounted to the gondola transfer riverted loads into the gonidola f.noni the roll (-age.

"while at the samne time they permit the roll cag: to rotate freely with the pointed

section.

TOP PANEL MOUNT

- t COMPRESSICON

"SHEAR

3rd SHEAR

2n4 SHEARSHA

I s SHEAR

L kMlNATL' I;UiYCOMI8
PAPER 8 ALUMINUM
PANE'LS.

GROUND CONTACT PANEL AL.L BLOCKS ARE[

PARER HOEyCCOMB

I- igurc 1.-1 -3,. lS CruAslh I 'ad

'I hec~ f-1 If.( tol-~c~ cx> iti'iij ipiUtt ill-iliP ciifl:,tiriitctt- ilit vt -rI

tIn c. . ;il'l Iii N(:\AltII: 1Iic;;

Ai, ectc'. t .;c 11.c 1. t c-I.-I :.I :'i: III[] eI e'j~ -cit ri , th"c 'iii, i

1%_ )( 1 ; 1 : ' 1Il ! o I o l . ! !j f
"J')(' 'l ?IIl' i); V J .KL i •A I'!;,I [I •,,'t :' li.: il.l~ '•] I. ) I ]I 'i"lI.' ~ ln ll l' 'l ,'l•[~ ll i...• •il•flV,( I (
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During the initial design phases, it was difficult to arrive at a specific set of

parachute performance characteristics. As a result of conversations with several •J

agencies a design limit opening load of 4 g's was selected.

Since the payload systems required telemetry ground station capability in excess

of that available at the launch station, a single ground station was provided by

NASA. This implied that the flight would have to take place at or near either of

the high altitude, wind turn-around periods.

To meet the scientific objectives, a moderately large telescope and instru-

mentation system was required which led to a correspondingly large servo and

support structure. Since it was desirable to launch using existing NCAR launch

equipment and known reliable balloons, the system weight at lift off should have

been in the 1500 to 2500-pound range and the 12 to 20-million cubic foot balloon

category to attain a float alitiide of 40 kilometers. The final design resulted in a

lift off weight of approxirn:tely 2200 pounds, exclusive of ballast. The balloon used

was approximately 15 rmil ion cubic feet.

To take advantage of the mr'cximurn viewing time during darkness at float, the

system wai to be launched durin,n evening daylight. This meant that adding insula-

tion to protect against the cold of night would cause system overheating during the

light of day. To solve the problem, thermostaticaUy controlled heaters wereadded

to critical areas. and the power capacity was increased.

I)ue to t!ie crltivai nature of the optical and neirvw u•unpoiielat aliri:-oents, thcre

was concern about the actual launch environment. Data were not available des-

cribing the environment prerented by the launch vehicle (Tiny Tim). Early in the

design stage the vehicle was instrumented and a set of power spe:tral density

curves wore derived. These indicated moderate vibration levels with most of the

energy rontained in the 30 to 50-Hz region. These low levels, it was decided,

wouldW ave negligible impact on the design.

14-4, S;YS,1'[.M CONCEPT

The .ystern concept chosen took advantage, in pact, of existing design and

used exi.•;ting MS(C telemetry ground equipment to reduce costs and coinplexity.

The servo system consists of a multiple stagc servo using an orthogonal mag-

,('etwmeter pair for the azimuth acquisition eneing element, a potentiometer rel-

(,•cn,.ed to loal vr.rtical for the elevation sensing clement, and a Star Tracker as

the final pointing serainjg clement.

Azif'th ii al ui..iti c of the tar get mtar relies upon knowledge of (a) payload

getr graphi,'ol w"if ion, (0-) targ,-i epherronri- dat;,, and (c) the direction of the

Ihior iz.)nta: .r:porne v if the eA'thI's :[;I!n 'tic fiCld.

-I
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A computer program derivel from data supplied by NOAA provided the meanls

for determining the direction of the horizontal component of tile e'arth's Iragnletic

field to less than 0. 5 degree. Use of the OMNEGA system at the NCAR baikionl

Vfacility in Palestine, Texas produced geographical coordinates allowing for position

determination to less than five miles. However, payload geographical position need

only be known to approximately ten miles.
i6

Elevation acquisition of the target relief- only upon knowing the geographical

position of the payload and target ephemeris data. These data, When referenced to

payload local vertical. provide the information needed to program a precision

potentiometer in the elevation servo loop.

The acquisition concept required combining those data and issuing a1 command

causing the two-axis servo to point the Star Tracker aligned with the telescope to

within a 1 by 3-degree field containing thZý target star. The expected total ,Jzirnutl

error is 4 1. 5 degrees, and the total expected elevation error is +0. 5 degree.

Real time telemetry data are then used to dJetermiine the oresence of the desired

target to the star tracker. If the data indicate star presence, then a second coml-

mand is issued which reolaces the magnetomneter pair sensing element in the 'zi -

Muth 8ervo loop and the precision potentiometer in the elevation loop w-ih the Star

Tracker outputs. The servo then reduces the angular error as seen by the tele-

sope to less than 4 1. 0 arc: minute in both the televation and azinluth xec;.

The Star Tracker sensor is capable of detecting targets as dim as sixth visual

magnitude and can operate over a dyniamic intensity range of 100:1. Therefore,

with proper aperturv sizing, a range of five visual magnitudes is possible. This

fvature could create a probien in. that in a I by 3-degree field, it is possible for

More than one star of sufficient brightness to exist. To e urn iratv this problein,

the Star Tracker is designed to di~scriminate with respect to magnitude. Th(e lie-

si re~ tar-get is selected to within 0. 3 visual magfnitude by grc,und conimand.

Tl he'l''''ftron and ýzimuth rvr'os ;irir of 0.1 rpl'' ,.r-:,jd, mIl

tyvpf. Each servo u.,-;-., a -'nmpvný,ation tuchr ique that is; pr-opr~rtiOn;0 I :Ius :ritogr-al

in nature.

Since the prime data frovi the vx;)rerirri-nt ~:c ap r i r JiijjtaI. an'l -;~iri( hrLin

deg!ree of r-a~lout accuracy iU; lesirod In sorev of tihe t( :oe,; nrair.Atg dlot:,. a

J' NI, tr'lerrivtrv !3%r-ter:; was melectod.

T[he l'( NI systern, iS a ';lf-c-oritaint- (I va-kig'- for the c( w(1-Ic in- r~iao4-'

digital (Al I) conrr(veter's arnd a srJt-pra;tt ItII 'niit arc ll 'n~ '\He.
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The PCM format uses a word length of ten bit,, %ithi a 40 by 50 frame. There

are 79 analoL: channels, four serial dipital channi-ls, and 42 dlis'cre'te bilevel chan-

nels per main frame. The systeni operates at an i3O00 bit-per-second I-ate.

The ground station was proyvided by MNSC. but it was necess-ary to design and

build a prime data converter to penrmit real t inie expe riment operation.

14-6. COM'MAND)

That portlin of the commarnard -iVstt,-ji 'loveloped undtr this prograrri was iimiited

- to non-R F equipment. All RF' equipm-ent %vas furnished by, either ISC' or NCAR.

l3eiaufnc of thet largo number of iotnijiands iii-i'J(cd to pe-rmil. acqui~i~ioti of

-virtually, any tar get within at hcmiii-phvre:, a dh,;ita~i tyvpe. ..... c tanIosrt

function con mniand bystern , was scelected. Thc -4---rvc' arid instruin rint functions arc

both des igned for control by thit reecc t (if digital coirmands.ý

T1he con;miare s ysteiri developed umnocr tlii pr, g-rII 114es it 16-bit dig ita word

(sue Figure 14-4). Theu 16-h it 'IiiLital v word is rija; r.'
m lo tice groundl to reproI7-

sent thme de~;ireul ftunctiorm. Aftem' I'amr 1-1vlissior aol ilde'('dinrg ill Ill ii'myloa'l, rhe
command word is shifted serially into botih time txperimen mt anl tilt servo, where it

enters a flag bit dletector denoting whidch synteri.. expcrinecnt or s, ' it i.s intended

for. After fiag bit deterrlion, tIII( cot-iamid wonrd 's, dfch',del lbv :ill ;c'1lm 'i's are

function register, and then thme coiminiamo is execut(.dc.

LOWI
BIT 2 3 4 2 G 7 9 IQ I i2 :3 I. 16

81 I - T-Ar 8I7 FC BAPS ON I APER MiNT FUNCTi')N
8T 2 THk-i~ 4 - BAP'S ABR '- RiT',

BIT .Tt-R~j 16- 8tV, LoT 6iTS

'Yheolnii.l':t', I'- ii-jh IS.iiri (ijwr'mitllg :t ;I M0 hit-per-

tsecond raLti. A tcit~i! or 23 Itiiti ic; '(nit nun i';Ii %iiiiO;ii* wth Hiti liln st vven. b' i ts

u~,el i ; iio ii~a~on cii, t inin'-i''ttii Sc [it. InnihitiiiitictiL1-t
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14-7. THERMALCONTI1OL

With a few exceptions, all thermal control is passive in nature. The excep-

tions are the casting housing the lower azimuth bearing and the outer elevation

bearing. These are heated using electric heating strips and bi-metal thermostats.

Passive thermal control takes advantage of conserving internally generated

heat during servo or other system operation. An extensive thermal analysis was
run to determine heat loss front specific hardware areas, and then a thermal in-

sulating scheme was derived for each area. The primary insulating materials

used are doubly aluminized myla:" ani an open cell synthetic fo,-m. The entire

nointed section, excluding the roll carc,. is appropriately insulcted and covered

with a layer of lexan to provide both insulation and protection.

TThe battery, command receiver, telemetry transmitter, command pre-decoder,
and power control circuitry that are located in the gondola are housed in a large

foam box insulated with d)ubly aluminized mylar and open cell foam. Also located

in the box is a quantity of 'water. The latpnt heat of the water is u11mcd to effect a

thermal inertia for the ten-hour flight period.

1814. POWER

System power is supplied from a slnglc battery source. Exarnination of the

different battery types currently avAlable tj ickly led to ,ielectlng one of the

silver-zinc types. It offered the lowe,;, weight per unit of power. Since the battery

had to supply¢ all power for loth the experiment and BAPS as well as heater power

Lo ttt, , o s, a high -paZer cat. . :. ittcr'; rated at a rnimirriurn of 90 ampere

Shours was selected. Electrolyte outgassiiig 19 prevented by individual positive

Spres.iure caps on fcarii iu'11. "liheie operate .siniply to riiaintair, about "our ps by

venrtirig froin orne atr. ).ophe cre ddurtirg the am3ce,

1,14-9, SiSPMIENSION TRAIN MODIL.

-The' .so.-;~lgi' tr';ifi wai; nio(('die on sil atialoj2 computer as bith a nmrrglilI

c(:ablh systeuit anud a thirec- le s's.t.Wtli. In thw Single (diblt systelli, it w ;s nidelecl

as a triple' jnn':vluiuie., anl in thO th'ir.-chable , 'stvru as a double oipivulum i ith ii,)

ritttirii between tile ,:ablci; and the aviriniutii n:hnlft. 'i it(' ,iiu,,,:w . iridi- ated little dif-

Ii.ir•lc In f I qu'ilLY Af i' l)e4iiUlA pci. lulatiim l,:ttv.rl t( :i; hi(iwcv('r., thiec, was a

ulal,!t rliff''r'c:nc iii ail.plitule. 'li,. ;,inii.gle r Lbh. h:i,. d , :ir- mejimotis, v.therea:;
ti,' thr-,.,-, ;,|dr. w mulI ,L,( 'il~itt,' ri;;I%- a f(-'v,' :if-( si-o l~lds.
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The model assumed that the balloon moment of inertia was large enough to be s i

considereu rigid. Cable length changes up to 20 feet were predicted to have littie

effect on the control requirements.

The final suspension train design selected was a compromise between the two Al

approaches (see Figure 14-5). The main train is a 200-foot long single line cable

consisting of about 80 feet of parachute and shroud lir.&s and 100 feet of single cable.

The remaining distance consists of the azimuth shaft and a 10-foot long section of

three parallel cables one foot apart spaced at 120-degree ir'ervals. -

I

BALLOON /

"R,GIC JOINT, ..

80 FT.
PARACHUTE

Pl310 JOINT

i00 FT.
SINGLE LINE CABLE
( COUNT ERAOUNO )

RIGID JOIN1
10 FT.

3.LINE CABLE

RICID JOINT

Vigure 14-5. IiAPS Suspension Train

ThiLi co01bination of sin ý}l cable and triple p able tproduced ýi ,on.pound pepnllu-

lurn motiorn of the a.i unith shaft o• aowt 0. 5 IHz with an osc'illatin am plitude of

S1/2 arc niinote from Io(-al vertic 1i.
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14-10. SERVOCONSIDERATIONS

14-10.1 Stow Loop

The azimuth control loop is mechanized to Sow the experiment platform to a

potentiometer null referenced to the azimuth shaft. The stow drive is rate Limited

to approximately five to seven degrees per secono. A balloon rotation of 1.0 de-

gree per second can be easily handled in stow; however, acquisition time isslightly

incr eased.

'The stow inode is used to drive the experimier to the horizuntal po;ition over

a leg of the gondola, thereby affording further protecton upon Landing. It car also

be used during float to maintain an active system !or thermal -ontrol purpoie; n

vhile imp leiienting changes to the desired cnbserv-:,L pr--grant.

14-110.2 At-imuth l.(oop

A tblok dmagram of the azinmuth loop is show"n in Figure 14-6. Azimuth ae -

qumsition of ,he three-degree target field iaŽ aŽ-com:pli'•hid by coi•nandine the e: -

periment platform relative to the local north-south earth magnetic fieWd line. Two

horizontal and orthogonal magneto:n eters are used to provide azimuth reference

from magretic north. The n'agnetor-ete, control loop has a bain(vuitnI of about 3

0. 3 cp- and noints the expert nent to a ,tahble null prox ided bv toe ground comman -

ded angle and the sensed nmanetnmeter angle. The s,,rvo loop is proportional plus

"limited: integral: thus, rno cerv) loop pointing error is -v ident fur nonethat fric-

ti on torques of 1.7 lb-it. The integral terio is liitRed to prevent poor perfomriance

during arqolisitiim.

A target field i180 icurecs n.:o.v i-ONt n ati," minrth i-an he acquired in le.ze

than 40 s.ec ons. For the 1,0 de-res acquisition, rI-tes of 20 dtegrees per second

ill occur. Thiis higLh rate is prolduce, iiecatuse the rate li itit i rin ,icit does not

ir',vn-ut ri-o buildur on tiK u:ns-table, mll sii' Jot'it -,rluisitw':i. For oequ:•itvuos

oh 90 e•ires ,r hRI.-:, tine rate lirnit is about five to WiN ,eguvrees per sc,,,:ii. Ac-

quirinrt the ta:-get star '0 arc :;ir les awv.-' ro1:, Star 'I rackt-r n.ull ti ees I(s, 'hlan

seven s'-nonCd-.

"!he azitf.utii :i-qui-;iti''r: e)ri,:( ip ' i , ':e '-tilt it' t-rt4 otnoit itri'-

identity:

A 3,:\ A -4:: 1 An"l -T. \ 04-U
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Scaling is necessary to maintain a reasonably constant servo gain; otherwise

the effective gain of the azimuth servo will faUl off as a function of the cosine of the

elevation angle. Scaiing of this nature will permit -eliable operation %" to at least

70-degree elevation angle.

The azimuth Star Tracker control loop also uses a proportional plus limited

integral technique. The "steady-state' pointing error is zero considering the fric-

tion torque effects and the integrator action. The azimuth Star Tracker loop has

a bandwidth of roughly 0.5 cps. Transient effects of direction changes for kinetic

friction torque and signal noise from tracking targets of 0 to + 5 visual rnagnitude

result in less than 0. 4 arc minutes of experiment pointing error. Control band- a

\&idth for tois loop which is determined by loop gain and the compensation lead

terms must be compromised with torque motoi noise output. Battery stored

ejectricat powor is consumed proportional to motor noise, The resultant azimuth

pointing accuracy is nominally less than 1.0 arc minute.

14-10.3 fleation Loop

A block diagram of the elevation loop is shown in Fi-ure 14-7. Elevation con-

trot .... as d.es . .ed to oto the x n t .. i.. a pain't the experi:iýeat Lo a

1.O-degree target field referenced to a potentiometer null. Potentiometer nullwas

set normal to the azimuth shaft. The elevation servo was designed to handle an

azimuth shaft oscillation at the simple pendulum frequency with an amplitude of

plus-and--minus 1 3 of a degree. As in the azimuth control loops, the elevation

control is proportional plus limited integral. The limitod integral "washes out'1

pointing errors ir. acquisition and track that result from the 1. 27 lb-in kinetic

frrcttcn torque and a rnaxi:numn 3.0 tb-in torque o0 m-ass unbalance around the ele-

vation axis. The elevation acquisition of a targt field is rate iiinitedatapproxi-

rnately eight degrees per second; thus, acquisition of a target field 70 (degrees

frorn start will require about trn seconds. Acquisition of the target star towithin

the 1.0-degree !ild of v-ev. will be 10s5; than eight seconds. Lievation tracker

loop bandwidth is about 1. 4 cps. Again, the bandwioth is reduced to decrease

torcue motor power cons amption while tracking the ro's.' signal from din- targets.

Another reason for keeping bandwi-dth Iov; was to redl-ce error rate inputs tn the

experin'ce!lt section, prir;carcv mirror contre[ sv.slet n. The transient poitinop errors

in the elevation axis while tracking stars of 0 to 5 visual magnitude art less than
{I

1.0 arc riminute.

A
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1.1-11. PE.RFORMIANCE

The BAP'S ha'. flown three tinies. On two of the flights, theBfAPS was sue-

cessqfully operated with only a few minor problems.

The graphs in Figure 14-8 are plots of Star Tracker pointing error Versus

time, These data are taker from Flight 2 and arc typical of inflight performance.

C;raplhs A alid Bi show initial Star Tracker acquisiticon in azimuth and elevation,

respertively. Note the ntnderattu1Y light damning lisnd to pernv~it sufficient gain

while pointirig on target.A

Graphs C and D are r'espectively azinmuth anid eleývation Star Tracker poi. ting

error versu-s timec after acquicsition stahilization. The predominant error appears

at at-ouz a 0. 5 liz rate. The forcing function for the error input has as yet not

s peci fically lbeen identified. I lo~~'e'. r, there IS eV ideneeC to indicate a torsional

ose i titzon (if the- 10 -foot long Aectior, of the t hr-ep-cable suspension train.

(;raphis : arid F are exain.iles of the worst-case nointing that occurred for

relatively skort tinin period-~ h'I Ili- red,,ir~tb'nt iliotiori Is inI aziir~uthi anid i~s- prch -

atblv a result of torsional slispenrsi on lint' energy c oupling into thre siervo. ThIi s is

heil"m evilaliite'i arid wil II_ heorrecte-d.

IDuring~ the t hi ru Flighlt a koi ,r rio nd systc'r- problenm developed, and corulmunica -

trill With t~w 5~~iiwas riot posJ5lbl iIenor tn'ý rritire nriiss ion. Prior to tihe cornii-

rriarid Hysteil Irecr.;iiiriI4 irnoperativ.c, the B3APS was coiimianrded to point in anr

c~anterI'y ilirn.'rtoior onl thf:m n;gmritoiil.eti'r loop. it operatet) in thi4 illoie for th-i re -

uni tniler -if t Iii fI i 1 't lint i I atlieriraI jrohlerr developed causing ove rheat ing. andi

ivit l(-oml,.1ni rIn it fail ur'e.

r 'llre tliir'l flight ha!; air ant ortorrater (:nrling. At release frein the hatlicon, a

fittifiv Il il( th LuslIfvI-IioIl ti :Ho It tlii' lopi (irf thu dvror ktipilr'Cttfod l(r'IIitt1Iij' the -

palnhiail Ioi ]ir(-v ,aHl about ,10, 000 1lift to (ii'sti'Uitimlii

'I It,!4ste-11i s 5 being i'.OiiO~ In vwtil -i diiiCrirfl filrtrrrL~fa'i icri wl e oifwi

1 1-12. l'0N1111l) INIItM.''C(kfhlltIND P ) ER FOR M.A NC+

'I-II iu.1,Ii it ;1,i;&t, llM- lallo,n,-ll'irrir Il'travi''ht Sttclli:5ar'nr

'tb.-? v.r iu-lltili 'h v t i, lmiii 4 ' I hle I J .,;- de 4)i~iOi'J I10 lifriil'i,

Irurpkuhi ii' 1i 1,Iii':.uer.i ]Ii t-ie 2770if !(, ~',11tl A Ili- u';ii ritrruv~t.

Ii l- ' ' i i , i,' ' t~t) if~ r ''i r.: a i -I a ,1 in e1r0'I 't

r-f~~ti,,itf'r.i. Ii ,ii-i-,. ' iii12 r:r*. ruin wi, Oi'id r,f' oninar v nil no)r v. fitli

ii. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ : f-:11 V11.ii i1a ,'i'. I' o 'i v ii i -irrirt' i



Pi

236

- - .

IIV

0

0, 
. .

S. . w• ,.U

-i . - * !



2:37

a bi-axial flex-pivot gimbal systemn and can be tilted by means of two small torque

motors.

Near the fo~cal plane a dichroic irlirror reflects the ultraviolet radiation towards

the spectromretar and1 transmits the visibic lig-ht Lowards a star position sensor,

which provides the control signals for the torque motors.

r. In general, tilt of the secondary mirror introduces aberrations in thle stabilized

imnage. However, by aspherizing the mnirrors to a high degree, the spatial resolu- - -

tiorn can be made virtual lv m ninone to telescope pointing errors of several minutes

of arc.

The dispersion of tne spectrotiietcr is 3. 3 1//tom, which is obtained by a 2 160- T

groove per m illinmeter pl ane grating, used in thle second ordle in an Ehcrt -I astie

cor.figiuration. The grating is; fixed, and the -;pe truiin it, s,,anned,( byN tneans of at,

irn3Lge diss-ecting tube. This technique it; uniquely itlited for th~is application, since

on~y a small spectral interval need he cov' -red.

Control c:ircuitrv wasi dc iigned to ( ote penviate fin slIow te lesc ope niove nints,

as well as for litter. Two parullei, networks we-re incorporated for the~se tasks.

One of these functiorns as an integrat'or and pro,-ides, the tiotor voltages that at-e

needed to mainta'n the steady deflections zi-;sodiatedl with slow variations, 'The

Secod OneitiWul k nt:i V'. t!,. a-stc 'urthv in !tr_-!J1 on tiv -- ,oi,,-P nhy

G;ibson et al (1972).

The pjoSitiori sensori eriror signals, r-ec:orded wi~thi tars of visual niai'ni tudes

between 4 and 5, correspond to onglesi of 2. 5 ar c seconds rus for elevation and,

3.* 0 art- seconds, rins for cross t-luvatin. I et rim iersi rcp resun mlupper li iiits

*for the actual niiotions W' the! it age, -;in( t- part of toe- qignal fluctuations jiiutt tie

attributed to n- e in tile setisor.
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15.1. INTROI)LCTJON

lor rnaiat vear, we have been usis"z niodifid :ari,,o t.ype pac-achutes, usually

flat circular designs, oil balloon. 5'~sterris, and( they have %vot-kei very. %%ll, desp.,IiIt

the fae-t that the-Y aire retea';ed at irouc h higher alttitu'des arce in a di fferenrt i:elpov -

nx-'nt c-ondit ion thpan their des igniers over interi'led. Nov. that the e-apahi lities of

largp. pl asztij balloon,, have s urora!;sed the load beatrinjy limnits foi .;ingl e flat e t reti

lar catiop: es of reasonabl e siz.e, we are ua :ng doub le andl tci- dr cl uite n's iif 100 -foot

paiLil!-irtf-s to rcecover the heaviest !iallrion borne payioa'is. 11 ve atcr tii iwijeti mte

higher -ecilingý a!ti'.udts v..'rtl ht-avyv 1bails. huwev-:r, %%e rLiti~t Find dei'el-rý'-,i; I',])

i'ornp[arabllf strvnj,,t1i aInd anpreciahlv rvzi.lcý,'e weiiLht. %kliiil, will aI'.ii ieiei'te (j-

peridab Iv ! rcni atuii, aIns_%.te,t('i a I very niich aitiro s 1' L' i)O wjiudV1.,11' i:1i-1

terni for' afinlv~r.L st'ahrite Ix):cdI -i:, to pidr'a(-:ut.-ioM']L-i-; kiseu':rL11 tuL .at(',

h:V.h altttude paric~hute testirni! llids lbek.orie a rIlk-( '', adijunct to, iyevioliit'Il t )I

advanced hail oon 5Xsvsteins.

T his l)at)(-r ilý( istibr t%--, r'Ce(('[It 1jlobi ](,,l Iights to) kit ;Il Miiiu40At:i

he(avy I oadj parachite i('.d-iL'ii above 100, 00t) tent illt ;1'L+., '':cl -;I, h A ~Ii'
ltl~fi I WOl(( innop..A'-:; tIn I'M i; (111 Westim: ):1.V I,;] Iiii "M ",',-., V i , 1. ; I ir ;i1eic i 1) o-

1) t tI' k ar iil r u l tv ~ r Ir' i ,. o tj : u r ~ n rl ) : I I I I I - , 11 Crt I:IL: " H p l'ý ). 1(': o t .i ji t 1 1 1) 1 11i i c a l r iii i

faic't - r(-r 't'' ac r-',i% I i I ()Y I tapi[)1 1i l;ih 1iin A1 i f- J 1- )11zol("' ()i i ic'

l)vo ,'r v Svstrrr. ,, fesr';c ret.;, Inc-..

Preceding Page blank
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The RSR RIECO design offers a substantial weight qaving. It also appears

particularly suited to a balloon borne application in which the same recovery sys-
tern must function with either a Veiyy heavy or a relatively lightweight payload. (In

such experiments, a large portion of the original payload is scheduled for release
before the flight is terminated, but for safety's sake the parachute must be c' pable
of recovering the entire initial payload.)

On AFCRL Flight H71-48, the 100-foot RSR parachute carried a 2437-poijnd
load; on AFCRL Flight H72-26, a 140-foot diameter canopy of the same design

carried only 611 pounds, close to its minimum load.

The RSR design principle is illustrated in Figure 15-1. The suspension lineq
around the canopy skirt -tpr!inate-n several groups, and each group is attached to
a point-on a control line. The control lines are attached to the payload and to the

canopy apex. After the parachute system is cut away from the balloon, the canopy
skirt, hanging loose, is free to inflate until the suspension and control lines have

extended to their full length. Further spreading is controlled by interaction between

the suspension and control lines. In order to fully spread the canopy, sufficient

skirt pressure must build up to allow the suspension lines to overcome the tension
in the control lines. This bowstring arrangement promotes a smooth opening and
tends to minimize the opening and snatch shock forces.

15-2. AFRRI FLIGHT H71-48

On this flight, a 20-foot length of coreless nylon braid was inserted between
the riser extension extremities and the tri-plate at the apex of the load bar sup-
porting cables. The 2437-pound payload is shown in Figure 15-2.

After the 5.025-million cubic foot balloon had reached float altitude 101, 500-

feet above the test range, the parachute system was separated (cut down) from the
balloon. Observers using stabilized binoculars followed the flight and descent from
a tracking aircraft. The parachute opening and descent were also monitored

visually from the ground by theodolite, and the entire flight and descent were
tracked by radar. Up-pointing cameras mounted on the load bar photographed the
parachute from the time of balloon cutdown until the payload landed.

Snatch and opening shock forces were measured by accelerometers rigidly

attached to the center of the ct-ossbar (directly above the center of gravity of the
payload) on the payload supporting frame, Figure 15-2. Accelerometer and

pressure-altitude data were continuously telemetered f- om before cutdown time
until the system had descended below 15, 000 feet. Equilibrium velocities and
corresponding drag coefficient values were computed from radar data.
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15-2.1 Accelerometers

SThe accelerometer- were aligned in mnutually perpendicular directions local to
the crossbar: z, normal to the plane of the bar; x, parallel to the short axis of the

Sbar; and y. along the 1. r.g dimension of the bar.

Wr Because one of the primary purposes of the experiment was tc measure the

maximum values of z-directional shock forces, two z-accelerometers were used, V

one of range 0 to 4- 7.5g* and nne. 0 to + 10g. The range of the x and y accelerom- -

r eters was 0 to 2 2,5g.

U 15-2.2 Parachute Culdown and Free Fall
SFigure 15-3 is a portion oi the teleinetered re!cord of tht .ower . anLe 1 -direr

tion accelerometer at outdt(wn,0: On the far left of the trace where z 1g, the pay-

L load .-,-as Suppo-rted by the floating haalloon, and the svste , was in equilibroun..

*BALLOON CUTDOWN PARACHUTE
7.5GW- FLOAT CTWNFREE FALL

3.

0 .2 4 .6 .8 1.0 seconds

,igure: 15-3. Z-Acceleronnetrr Record During C(utdowri
of 100-Foot lts.ii 1'arat nute

'"lheri , sudd,-nly, when thle nare,'-hu.ir' a cut away, the release of tension it the

supporting cables caused the abrupt reaction, 5.7g downward, at the center of the
Sc rosshar w, here the -;eror was It)'cated. The diroction of this acceleration is con-

ssistent with i ,;urface that had been int inn inverted li-shape while under stress.

'I lie photograph, I-i•gore 15-2, CoIifi u-is tiis clh.rot ion. (' ;e ,o!(td wn for t i

not a characteristic ol the parachute, 1;f f iur' 'i; rather, it ;iepenils . pon the.<treSs

distribution iin the piayload StrucUtorv. It :.;i led here ai, a mzatter o)f "ntei',s to

experitmenters and payload sy-sters d'Is iinr-rs. ) 'Ihii r-eiorl -ihov.,; that for abomut

3. 3 secord.l after' i-utdow-r, the pavloa, l a.- talling frcetcy (z. - 0g_•. and thciv la t"

i.ablte was slack.

I ~ ~ ~ c ' I II "II
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15-2.3 Parachute Opening Performance Snatch Force

Parachute opening is evident in the z accelerometer data, Figure 15-4. Time

is measured in seconds from t = 0 at cutdown. At t - 3.4 seconds, slight tremors

about z = 0 indicate that the parachute cables were beginning to tense. At t = 3. 66

seconds, a pulse of amplitude 0. 95g is the first in a train of oscillations about an

average positive value that shows development of some parachute drag force.

According to the accepted terminology, this 0. 95g force is the parachute snatch

force. The oscillation period was about 0. 04 seconds.

SNATCH FORCE OPENING SHOCK

-3G - NIE",

3.4 .6 .8 4.0 .2 .4 .6 .8 5.0

SECONDS AFTER CUTDOWN

*CORRELATION WITH FILM RECORDS
12

rOBSERVATIONS FROM FILM RECORD THIS RECORD WAS VERIFIED
AS NOISE FROM THE TM RECORD,

A. LOAD LINE FIRST BECAME TAUT OF SIGNAL STRENGTH.
B. LOAD LINE REMAINED TAUT THEREAFTER
A. TO B. LINE INTERMITTENTLY SLACK
C. PARACHUTE APPEARED FULLY PRESSURIZED

Figure 15-4. Z-Accelerometer Record During 100-Foot Parachute Opening

15-2.4 Opening Shock

At t = 4. 28 seconds, a train of stronger oscillations began. The largest of

these pulses, 2.25g at t = 4.96 seconds, is the opsning shock force. The average

z-direction force was now gradually approaching 1g, and by t = 7. 1 seconds the

oscillations were completely damped out.

As the system descended between 75,000 and 54,000 feet, z-direction vibra-

tions of much longer period (four seconds) were recorded. Amplitudes were 0.2

to 0. 3g about the Ig average. Measurement error was 0. 15g.

15-2.5 Film Record

An excerpt from the 128 frame-per-second camera record showed free fall

and parachute opening. By counting the number of frames after cutdown, we found
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Although the transverse oscillations clearly were initiated by parachute action,

their period, 0. 6 to 0. 8 seconds, is so short that they eviduntly are internal to the

payloz.d loadbar system. The payload consisted of se,,(. al individual packages

hanging frmrn the open squaie frani'vork. an arrangement which does allow sev-

eral degrees of freedom for vibrational motions.

1-2,8 Descent Trajectory

Descent time was 31 minutes. The vertical descent trajectorv is shown in -A

Figure 15-6. The intervals when acceleration was zero are confirmed by radar

velocity data. B3etween 40, 000 and 25. 000 feet altitude, thc parachute had an

equilibrium velocity of 36 feet per second. Finally, as the system descended

through the more dense atmosphere below 20,000 'eet, it achieved is tersinal

speed of 23 feet -jer second.

A

90

80-

7 0 •-r
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*40- 1

301- -ý
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V 15-2-9 Drag Coefficient

Drag coefficient values were com~puted at the two equilibriumi vel,2ocities, using

t c expression t~i-at equates the total descenit weight (canopy w.eight plus payload) to

parachute drag force:

C2

NV 0. 5p V AC Il

weeCD idrag coefficient

WV Descent wih

A Projected area of canoipy (Onfg. data)

V Equilibrium vfeloc:tv

arAlir demsity (maiss)

The esotsPre, nabnlatpj i- J'Eqhir 13-1.

Tbe15-1. Descýent lData for 100-Foot Diamneter
lISH Parachute lest (Alt IL I light t IF 1 -48)A

I)E_'SCE'NTV TI L 21 11nun

TICLtAIINAI. \1CLAUCiTY 2 3 f ps

I iAIAC CUE 'TIC LENTl 0. 9)5 @ t, i ps (35, 000 !ft altitude)

1. 0 P 23 fps !15, 000 Ft altitude)

15 -2. 10 11 AI An i FAirtrf 1).jIn u1 en

'Ih-e ic1st (JIL;1i:i 11, lilmtit 15-2 sus:ý:. :arizes the datai ohtsined on this test i!:

"n"wr' uit ]a-rro c(t-'Iat . 1; Aetwh ri!: L11 uid pa 3 ke lii~~i Itt-lire

confitzuvatio'r, ((':vrrttI et' i,uriior:,il •151' 1. I-tir (:ot:.l: tvnatir 2

•lo''itnr K! Uritr (i65 11th iT-!t (hrou'i (larm-ante)) ),'I (¼ltrt Nzaval Air Ici~

CA, rc--uli,-;tr:t' IBc !he'uu'ýnufa-tu-(cr '`'r a 10¼' alti-wl(- iest in, which tie ;araa-'iute

''5 re''iva Cý i :nj 'he pacca h :f.k~--; ( or.jIx.u-zitmO:i n''nj ýiti ai'ciir 't''
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Table 15-2. Comparison of Opening Performance of 100-Foot

Diameter RSR Parachute at High and Low Altitudes

RELEASED VEHICLE BALLOON AIRCRAFT -A

SSuspended Weight 2437 lbs 2200 lbs

Release Altitude 101.5 x 10 ft 15, 840 f- ,

Snatch Force 0.95g 0.7g

Snatch Time 3.66 s 2.93 s

Maximum Shock Force 2. 2 5g 2. 6g

Time of Shock Force 4.96 s 5.33 s

Full-Opening Time <7. 1 s 17. 57 s

Terminal Velocity 23 fps 17.7 fps

i]

In view of the differences in manner of te~plcyment and atniospheri density at

which these high and low altitude tests were con:iucted, remarkably consistent

results are obtained. The slightly highe.- snatch force at high altitude may be

due to the fact that the canopy had already spready considerably when the control

lines first became taut. The much longer filiing time at low altitude seems logi-

cal when one considers that deploymen' in the packed configuration from a. air-

craft is rm.ore likely •o permit a very ,r. L:7l J!ossoming process to take pi-.ce.

)5-2.11 ConcluAions

"The high altitude perforrn,,nce of the 100 loot RSRI Ribco parachute when

rigged for balloon use .%as very satisfactory on this flight test. As predicted by

its designers, shock force:, were very low and opening time was fast. In the

rarified atmosphere near 100, 000 feet, it (lid not exhibit any greater stability than

. obtained with convent;-nal canopies similarly loaded. By all other criteria,

however, including its tpprectablv reduced weight, this parachute design appears

to offer definite advantages for balloon application_.

15-3. 3,.FCRI. FLIGHT 1172-26

Two special cons deratio,:-- gov(,rte d oir plan to flight test the 110-foot wS;t

parachute. We needed to conduct a cornplete balloon operation to test the reefing

&xrrangement aid to diiscrvetr -vhate%'er olher 5:'wcial rnblcms night he involved

in launching and filving a hallooim sist, n: with :i( f'vririti.Ms hulk of nratcrtsal (n.,,rc.

thanj 15, 000 squat e feet) in the ariopv. 1, e used a pay lad of onil %. 11 pou nc s o
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that we could observe the p -rachute performance under thle flight cond(it ions we

frequently meet - experimtents in which the final descent load is expected to be

much less than the required rated strength of the canopy.

15-3.1 Payload

The payload consisted of several instrument packages fastened to a hiorizorqtal.

steel load bar, Figure 15-7. On the advice of the manufacturer, we provided more

standoff distance between the canopy skirt and the payload by adding a 10-foot

length of coreless nylon braid to each of tile two control lines 'just above thle

triplate.

'PAYLOAD -H72-26

Figure 15-7. AI'CRI, Flight 1172-26 PaYload

15-3.2 Semiors

-%vrl uldit jojial sornM()rs wer'e i-arrir on this fLiht. In anial v ziriu the uI:i in

fromn Car (M I icr'pa'C hu~te tSts,, wC, ha (I tacedt fhe ha s i ( p~rehl e'm of' (list i ng9ti ishI ill L! 1 of wcr'rl

tho parachute s*;hock lores v- we 'nirill to ueiitrr an thte1: rtir I'nll,?~hmu
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Irvact ionri at 0he I 'wation of th suns (o00 In h isttribluted stres's in thle payload

structure. F'or this r~eajn Wve plauctij jjl(tle r sut ol a(ce Icroniet ers above thle
iripi ate anld 11'1(aglurcri both paY loadi and load lrine ac cele rations. We also placed
pittch and voll g~yros insio i c1 h acce I rnmeter package on t he Wand bar. Fi lm~s from

up-pointing came ras. v ad a t rat kiniu and optica ('a dsc vati oris h~orn aircraft wvere

also obtained.

15- 3.3 Rt'efivil

When thle balloonl systeml was asse mbledI I*M or lunch, the parachute was reefed

at the skirt (Ficrur e 15-8). A reefing ring, was sewni approximately 18 inches from

the skirt of the canopv,,. The reefing line was Looped :n, v the parachute, and the

fiL~ilir 15-8, 1 O-n'l 1-, 11If.r;I0hiit, With Recetjnilq
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two ends were fed through and tied at the reefing ring. c''o(alnneri cutters were
employed on either side oF the roefing ring to cut the reeftigi line on command. In

order to maintain sowie tensir-n in the ski rt arid to prevent tne canopy from ''snaking'
down the risers toward the b.alloon during! inflation, another length of line was tied

from the line at the reefi:ig ring to a (levis on, one of the risers. Loops of 25 -pound
test, three-cord cottonr were tied at 10-foot irtcrvals along the canopy in order to

contain the large arjuunt of material.

15-3.4 Launchi zd Anceqt

All of the 25-poundlest cotton ties failed (luring inflation, and the parachute w ito the

command -controlled reefing tie at toe skirt acte,1 like a spIinntaker sail dur-ing the launch

run, (Figure 15 -9). Thls -reatcd aflangerous ,;ituationari-I conifused I he proper release

configu-.at~on for the hal -

l)o~n and the parachute.

WVhen the launch vehicle

.was positioned properly

under 'he balloon, the

paracloute was bill owing an-

favorably to one sideori the

other, or hark over th2

vehicle. Con~versely,

when the parachute wvas

prope rly p)05stined, the

balloe:n was no~t, Thus,

the VehI Cl,- 7ig7.aggqed down
,hc runwav -;earc hinjý for,

the right co.tcltitons iint il,

after travel )I about

three -quart" s of a wtle,

the pii.viuiad refleasp w as

O('colii,)lider. . Tv-u n 1nr -

utes, tatc'r, to"ý ( owmanni

ard at th- r:4ja,'!,( tin,c ',fhe

tf!vm,zi'trv :icIriiia wa's

iii-ppcd.J liii realt? r, 'c

Aii!. 1)" ;:' t( ia l w e'1 01 . la a A! : -i
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The film record shows that during the early phase of ascent there were occa-

sions when the canopy partly opened and whipped about, but this is not evident

from the accelerometer records. Once the ballon was full, the erratic canopy

flagging stopped.

15-3.5 Parachute Opening

The parachute was released from a 2.01 x 106 cubic foot volume balloon at

105 x 106 foot altitude above liolloman AFB, New Mexico.

Figure 15-10 shows consecutive frames from the one frame per second moving

picture record of parachute opening. In the first frame, the payload is supported

by the floating balloon. The second frame apparently was taken at the moment of

cutdown. This parachute had spread considerably while the load line still renmined

slack, (frame 3). In frame 4, the line had developed some tension and the snatch

had taken place. Subsequent frames are typical of the high altitude descent behavior.

li ',,re. 15-1t). (O)ric l'r;in we ll'ir Se'ornd (C.tl1(,rci R 'cord'l o I' I1.O-l" R) 11t I SI l rr-:'! lilt,
(" (Sfhoot 1 Wf 2)

Sp, r Oduldlead frompy



253

Figure 15-10. One Frame Per Second Camera Record of 140-Foot RSR Parachute
Opening (Sheet 2 of 2)

15-3.6 Stability

Observers using stabilized theodolites in the aircraft reported strong gyra-
tions and sporadic motions while the parachute was in the upper atmosphere, but

very good stability in the more dense atmosphere.
We can easily reconstruct the parachute opening from the telemetry record.

In Figure 15-11 on the far left, both z accelerometers read 1g while the balloon
system was floating in equilibrium just prior to cutdown. During the next three
.,econds the line was slack and ihe load bar was falling freely (Og). Finally, the
parachute lines straightened, and the load line tensed. The snatch force was 2. 1g.
During the next 1. 24 second interval, the line alternately tensed and relaxed,
returning to zero tension before beginning to develop a steadily increasing average

f , 'I'r', Tm- aximuiml force or' oc(,niU•_ shock was 4. 5g. 10. 6
Se, On+•-; ftr Tut, down , I he line tension had becon 'e essentially'steady at Ig (0 0. 15g).
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PRESSURE ALTIT'JOE -

IRIG TIME CODE

5G Z-ACCELERATiON PAYLOAD

75G Z-ACCELERATION LOAD LINE OPENING SHlOCK i
~CUTDOWN FREE FALL SNA7CP C -- iCE

- sec lI Ie pulse

LFigzure 15-11. Z-Accelerorneter Record of 140-F-oot Parachute Cutdown and
Opening

Table 15-3 sumrnt-arizog the parachute opening2 records for both canopies.

Table 15-:3. Summiary of l{eiults i~roni RiSR Parachui'Jt r3 Lis

CANOPY 10-ft RSR 140- ft RSR

100gl canopy single canopy

Flight No. I r 1 1-.18 1172-26

Rigged Weight 128 lbs5 22 1 lbs
Stispended L-oad] 2437 lbhs 611 lbs

Release' Alt. 10 1. 5 k lft i0F5 ý. ft.

Snatch Force 0. ')5 jj 2. 1 V.,

Snaten TimIe 3. 66 s3. 05 s
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STable 15-3. Summary of Results: From RSR Parachute Tests
(Cont)________

CANOPY 100-f.' RSR 140-ft RSR
single canopy single canopy

Opeaing Shock 2.25 g 4.5 g

Time of Opening Shock 4.96 s 6 S

Filling Time 7. 1 s 7-

STerminal Speed 2:3 fps 20 fps

Descent 'rime 31 min 93 mmi

15-3.7 Accelerome'ter Record
A

The load line tension record gives a deceptively favorable irdication of

parachute stability because a steady line tension does not necessarily indicate a

descent without gyrations or sp-nradic motion, particularly when the tensiorn sensor

had . 15g precision.

During the parachute opening, the transverse forces were greater than 2. 5g.
About 30 seconds after cutdow%. there -as still son-e transverse disturbance.

15-3.8 Descent Trinectory

Flight toward the northeast placed the balloon in the vicinity of Clovis, New

AMexico. Although impact-disconnect switches operated, the nature of this para-

chute prevented irmr,-ediate collapse of the canopy, and the payload was dragged

for about one-quarter of a mile. Descent t:rr., ,.,.. 93. te
t}

H5-3.9 Equilibrium Velocities

The vertical descent trajectorv, Fiigure 15-12, taken from the barocoder data

shows three intervals of conAtant .p,rd: the first, between about 85, 000 feet to

54,000 feet, 27 feet per second; the second, from about 35, 000 feet to 20, 000 feet,

an unusually slow, 10 feet per .5econd, and finally, the terminal velocity from

10, 000 feet, abovt 20 feet per second. Thege speeds are confirmed bI' the radar

data. U'h' maximurm. dynamic pressure during opening shock computei from free

fall sreeds and air density d.1a was 3. 5 x 10-2 pounds per square foot.
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15-3.10 Conclusions

(1) The 140-foot RSR parachute under near-minimum load performed safely

and had satisfactory opening time and shock force values.

(2) The flight showed the need for an improved reefing arrangement ztrong

enough to contain the canopy during launch and yet sufficiently simple to ensure 4

complete disreef by command operated line cutters. A reefing system we plan to

test is shown in Figure 15-13.

DETAILS TYPICAL

K

•S/" /7/ /

p COVYER SEWN ALONG

SMIDPUINT TO PARACHUTE

'i' ure 15-13. Prorlp s(:j I c >fin 1 Method for
140-I:ont l.SlR i' ra'.:hute
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(3) The relative instability of the canopy at very high altitude is entirely

reasonable in view of the combination of lightweight payload with large area canopy.

The tension in the control lines was actually very small compared to the normal

design values. Moreover, turbulent air was detected during the balloon ascent and A

may still have been present when the parachute was released. If so, this wculd

also contribute to the observed instability.

(4) Evidently the tension in the lines due to the extreme underload condition

was not enough to maintain the design shape of the canopy.

(5) The unusually long (93-minuteŽ) descent time is also directly attributable

to the combination of very large canop., and ,.elatively light load. No practical

difficulties arose from this condition.

In summary, the RSR RIBCO parachute shows great promise for heavy load

high-altitude applications. Its low weight and simplicity compared to clustered -4

systems makes it very desirable for flights where recovery system must function

with either a very heavy' or a relatively iightweight payload.

However, further flight tests with this parachute are planned before it wiil be

qualified for rout.ne use in thc laboratory.

It

2_
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16. A Platform and Control System for a Steerable
Down-Looking Balloon-Borne Experiment

F.E. Lord
GTE-Sylvania, Inc.

Electronic Systems Group - WO
Mountain View, California

rA

Abstract

A svystem~ is deacribed for accurately pointinR a laser receiver from high alti-
tudes ihojh byv remote control andl fr'orr an (inboard tri:cker. Prevision for control
of othei, funictiong a~id real timre data readout is included.

The platformn is configure-d uniquely for E:dovn looking experrnient by einploy-
ing a rolating centr:ii column ipon whic.i the elevation assem,-blv is suispend?:1.
f hre e inver ted L - ahaipcc nic;-nie toj the column housing cont,-in the-
heavier equipment, thus creating a moinentuni sirik aý-ci as providing protecýtion
around the experiment.

Commands from the ground station are transmitted on a tone modulated i'M
link and decoded on the platform to control power appliCaticuc.I made selection,
axial positioning and experiment operation. The platform azimuth position is ref -
evenced to north b-. means of an ac mmagnetorneter, thus facilitating interception of
the upcoming ')earn. Upon acquisition of che beam, a four-quadrant detector is util-
ized for automnatic tracking during tlsip xperimel't. The axes emploY direct drive
torque motors for smoothness of operatiOn and continual itch ievement of at 0. 5
de-gree pointing accii-acY. An FN M, Y M down link provides for real time data-
transfer.

Thie systemn w is oriiployed( succescsfully on a Ilignit from Tiollornan AJ r 1-orcr'
B~ase in October 1970.
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16-1. INTRODUCTION

Th'. equipment described in this paper was designed to support a laser propa-
gation _xperiment that has been described by Woodman et al (1971) in a presenta- -.
tion at another conference. The complete system included both balloon borne and

t ground based equipment. The balloon borne portion of the equipment received
beams of laser energy that were directed at it from the ground, measured various

characteristics of interest and transmitted data to the ground where it was dis-

played and recorded. The field of view of the experiment's sensors was such as

to require two axis positioning of the receiving equipment with an accuracy of 0. 5

degrees. 11
Smooth automatic tracking of the beam was required in order that the desired

data not be degraded by motion of the optical receiver with respect ta the beam.
The system was required to gather data at a float altitude of approximately 92. 000

feet on an intermittent basis, nominally 20 minutes each hour during an 8 hour

flight for a total operating time of 2. 7 hours. Consequently, the system had to be

arranged in a way that would minimize power consumption betwoen active periods.
Since the experiment must look down, there exist the conflicting requirements of

providing for unobstructed view and protecting against damage upon landing. In

resolving these opposing requirements a unique gondola configuration has been de-

veloped and flight proven that is believed to lave merit for other down )ooking

applications.

The system block diagram, Vigure 16-1, shows both the ground and the balloon

L • borne portions of the system. The laser transmitters are continually directed at
the balloon borne equipment by tracking on reflected laser energy. Initia!lv the

laser receiver package on the gondola iL positioned to intercept the upcoming beamr
by commands transmitted on the telemetry link. When the upcoming beam is inter-

cepted by the receiving equipment, automatic tracking utilizing error signals devel-
vpc' from. the recei-ýPd signa can ,,c initiatcd. ,,hc pcrtincnt 1 dat is then t:ans- =

ferred to the ground by wa.,. c. '-e down t,.lernetry link.

The communication links will be considered briefly, followed by a more de-

tailed exami),•i:cn ,. t weo-.xis positioning sUbsysteniou aod the physical features

of the gondola. I -1

"16-2. JHAI..IMRY

. ',!ure 1mj- .J:' : 5 the telPe nitr" portion 'r the •'.•tem whieh utilizes the
FI-.. M technique in aoth di irr-tions. The j(;ste,n is straightforward. The up link

employs ; 5 -,n(,e encoding sv•sten to re;lize 31 iiistinct cornmands. On thV gon-
doiia 6h iv' i.'w,'U ,r ft- !r'ivc, cte, . '' " gl" rr-t•t.. fl' " ", . ; , i.



2611

kA-

Ll r-I

~~i a

C'm be

a. II



262

ala

- -- . -

-

-1

FOt

I w. Ii

.. '-ac W



263

switching circuitry. The outputs of the switching circuits are decoded to provide

for actuation of 17 momentary relays and 7 se&/reset latching relays which effecý

the required control. Positioning, power control, scaling and calibration are

accomplished ty way of these commands.

The e:ta from the experimenat are processed to, seven l-kH7. constant band-

width voltage controlled oscillators (VCO). Ten low bandwidth proportional VCO's

handle less critical data from the experiment, control Information and housekeep-

ing functions. These latter data includc a signal strength indication from the up

link receiver which is employed by the o-e.-ator in manually positioning the up link

directional antenna for opt;mum operetion.

At the- ground end of the down ljik, a bank of discriminators detects the data

for display or. meters and recording. Among the quantities appearing on meters

nrit strength of the down l~nk received signal, which is employed as at] aid to ter.m-

etrv antenna positioning, and ":vrinting data from the experiment in the form of ele-

vation and magnetic true bearing for usc in the acquiaition procedure. A magneti-

cally actuated flag indicates when the balloon borne equipment is automatically

tracking the upcoming beam. The momentlir control buttons and indicators that

comprise the telemetry operator interface are shown in Figure 16-3. As can be

deen on the rane), a considerable number of control fuicti•ms d'e curiceLatd with

conserving pwer.

16-3. CCNTFtOL

The control portion of the system ie shown in\ greater detail in Figure 16-4.

Inputs are introduced to the control systern by way of the command decoder unit of

the telemetry system, and information is extracted for down link transmission

through the VCO'H.

TLic rclatv.ely station.ry portion of the gondoln co:,iiann thei hiavier items

such is batteries, azimuth servo amplifier, and portlo;,s of the telemeti'y equip-

merit. The azimuth drive is a torque motor which along with the clip ring ,,ssem-

bly, tachometer and synchro 6ifferential comprise the tranwition between tne sta-

tionary and trainable portions of the equipment; that is, the sti.toru of these com-

ponents are part of the atationary structure arnd the rotors turn with the trainable

_issentbly, It is advantageous for various reason.s to carrt soMne of the elEctronics

in the trainable section of the gondola. These items include the elcvation servo

amplifier, the IrLode selcctior circuits, the coniniand dezodor and the V.( )t. and

mixer amplifier. 'I he line ou sigit of the experiment is moved it a ,.,erical plaine

by the elevation axis which is carried beneath the azimuth axis.
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00

0 0 0*4410 4

r [igure 16-3. Control Panel

]'hei hervoH which control azimuth and elevation motion are basicallv the sariC.,

Uxcc-pt the :'ijritnth torque mnotor deliver., 7 foot pounds of torqlue cornpared with

1. 2 fooW po aid!,; for elev~stiori. H oth eC mplov r~ite feedlbacK st9jhihi niatiori iand a stari-

da rd dc 4(-ive wrviiplifie r ii ii tied to the riiutur. 1 otentiomciutcrs provide positional

j data, ;Iinr I'r'-!.Cs hold thle aIxes sti tt~ionrY during nonloperating pei locls. The

r ~prinoipal soiirrjes of !racking error inriude ;inrguilar drift, o~icillaitorv motion of Ol

rhA loun - poridrl a combir wtioni, frictior, of the he;a ringr, -and slip ring unemlyt i-

bulorire ori Oit- elevAtion axis 'liie to lofs oriqkii!tniltrogen, from :L Ile,-ar within thiv

optral(2xeniiieit.arid seivuor nois! aind :WijAl;.nic(. !tirý iiiificii'it paa liitcf S
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__ Table 16-1. Sources of Tracking Error

kadElevation Azimuth

Friction .25 ft-lb 2. 0 ft-lb
Unbalance . 15 ft-lb --

Motion

Ang-ilar Drift 2128s

Oscillation I

Magnitude 1 degree 1 degree

Period 10 seconds 10 seconds

By combining the magnetic true bearing of the gondola stationary frame with

the relative bearing of the experimental equipment with respect t: the frame, the

magnetic true bearing of the experimental equipment iv obtained. A flux gate com-

pass unit similar to one used in military aircraft was employed to measure the

position of the gondola frame with respect to north. This choice was favored be-

cause this device has a synchro compatible three-wire output and a synchro differ-

ential transmitter on the azimuth axis could then serve as the continuous fully
rotatable transducer needed at thEt point. The synchro differential performs an

algebraic addition of the bearing quantities to produce the true bearing of the ex-

periment. Tnis three-wire quantity is then converted to potentiometer position by

an instrument servomechanism.

The true bearing data from the potentiometer is transmitted to the ground via

V the telemetry link. The flux gate unit has a nominal accuracy of ± 1 degree which

degrades to only ± 1.5 degrees under environmental extremes. This is an accur-

acy compatible with the 10-delree cone of sensitivity of the tracking sensor. The

compass has a pendulous Eensing element which allows it to tolerate tilt up to 27

degrees, thus overcoming a possible source of inaccuracy which has been men-

tiened by Ortwig et al (1M70) in connection with other positioning system.3. Al-

though it was necessary to generate a small amount of 400 and 800-1iz power to

excite this Ievice and the demodulator that follows the bearing data synchro chain,

this waus considered a small price to pay for thu advantages obtained.

The elevation data are obtained from a potentiometer coupled directlh to the

elevation axis. The procedure to acquire the upcoming laser be:am if fir.t to de-

press this axis by the same angler the transmitter on the ground is elevaied. Then

the experiment is trained to point 180 degrees from the pointing direction of the

transmitter mount to a'rive at the ;.ttitirde that looks down along the upcoming

be a m.
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"Positioning the experiment is accomplished by way of the CW, CCW. UP and

DOWN pushbutton switches at the ground station. As long as one of these push-

buttons is depressed, r relay in the gondola remains closed to apply an appropriate

velocity command voltage to the corresponding servo. These switches are effec-

tive when the control system is in either the Manual or Automatic mode. However,

when upcoming energy is intercepted after the operator has selected the Auto-

matic mode, tracking is started and manual control is lost with no further action

on his part through action of the auto gate circuit. This circuit examines the AGC

voltage of the sensor amplifier to evaluate the suitability of the received laser sig-

nal for tracking. Once started, tracking is broken only it the signal is lost or the

T operator actuates manuaL o:peration. The error signals for automatic tracking are

derived from a position sensing photo detector. As the elevation angle bacon-er

large, this sensor's sensitivity to azimuth errors is lowered, prompting the need

for the azimuth error signal to be corrected by the secant of the elevation angle.

This compensation is obtained by way of a secant function potentiometer on the

elevation axis,

16-4. POWVK

The power required by the major elements of the balloon borne equipment is

presented in Table 16-2. Nickel cadmium cells were chosen for this application

Table 16-2. Gondola Power Re4ýuirements

SICURRENT TIME [ ENINEHGY

I UNCTION VOLTAGE (Amperes) (ttours) (Watt lfours)

TM Receiver 28 10 8. 22.4

TM Transmitter 28 I 3.3 2.7 230.0r I
Control I I

F: lectronics 28 .1 2,.7 7.5

-15 ,1 2.7 4.1

Azimuth Servo 28 4.0 2.7 302. 0

Elevation Servo 28 I1.5 2.7 113.2

IExperiment

Ilectronics 15 1.] 2.7 44.9

-15 60 2.7 24. ý
2.2 2.7 17.4

HIeater 24 4 0 2.7 2514.0

Total ______ i4
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because of theŽir relatively flat discharge characteristic and t' ierance to abuse. If

this energy were supplied by a source delivering at the commonly quoted figure of

12 watt hours per pouna, a battery xeight of 87. 0 pounds could be expected. flow-

ever, the desirability of grouping the batteries by function, allowance for reduced

capacity at low temperature, and provi-ion of a margin of reserve resulted ii a - --

total battery weight of 175 pounds.

16-5. GONDOLA ASSEMBIY

The balloon borne equipment is pictured in Figure 16-5. This gondola assembly

weighs 75) pounds, is 5 feet high and 10 feet across. Its pr-incipa. f atures in-

clude the central column which rotates in azýimuth, the elevation assembly which

contains the experimental equipment, and three inverted I. sLructures which house

equipment arnd prutect the central zone. Sheet metal members not pIctured nor-

mally provide a horizontal cover in the upper area ot the assembly for the purpose

of sup shielding and ballast deflection. The heavier items, including the batteries,

located outboard create a sizable moment'in :ýink for the rcactio,: to azimuth

motion.

AZ.,.,JTH SERVO MOTOP !.N0
SLIP RING ASSEMBLY

BATTERIES AND / ,'/ 'AC I C NORTH
TM RECEIVER N. ./ SENSOR

BATTERIES AND

TM TRANSMITTER
TELEMURYANTENNA

AND SERVO SUPPORT
ELECTRONICS

I -- K,. EI.VAT tONI

CRS PARD O T OPTICAL RECEIVER PACKAGE

- :crr, 16-5. (ionidolk, a. ur' l,
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The omnidirectional telemetry antennas are mounted on booms which clear the

gondola structure by five feet. These turnstile antennas are encased in styrofoam

and sealed in a fiberglass shell. The booms are designed to break easily so that

the antenna packages will break away and not sustain damage during landing.

Several possibilities were considered for providing extensive coverage of the

hemisphere below the gondola while at the same time providing for protection of

the experimental equipment upon landing. These included extending and retracting

the experiment, extending or pivoting crush pads into place prior to landing and

turning a major subassembly of the gondola over after completion of the experi-

ment. Any of these methods would involve mechanisms that would add complexity

and cost to the system. The consequences of failure of the device have to be ac-

counted for, and the mechanism itself would be subject to damage upon landing. It

must also be considered that any attempt to extend and retract the experiment would

most llk'-: reduce the stiffness of the positioning axes and thus compromise their

closed loop performance potential. The method employed was simple and reliable,

because no moving parts or mechanisms of any kind were involved. The config-
uration in this case sacrificed visibility in the first 25 degrees below the gondola

horizon, a zone that had a low probability of utilization in the mission plan of

the experiment. The zone of visibility was made as large as possible by shaping

the crush pads to taper toward the experiment, as shown in Figure 16-5, while at
the same time maintaining suitable protection in terms of resulting g loads and

presence of crushable material for various ways in which the gondola could land.

Knowing the energy of the gondola descending at 17 feet per second to be 3360 foot

pounds, the ability of various encountered areas of the crush pad to absorb the

energy may be examined utilizing the relationship:

E = Asd (16-1)

where

E = Energy absorbed

A = Area of the crushable material in square inches

s = Strength of the crushable material in pounds per square inch

(I - Depth of the material crushed.

In the arrangement shown in Figure 16-6, the first two layers may be regard-

(!d as c:ipable of absorbing energy for their entire depth of 1/3 foot, because they

;w(,, hacked by a third crushable layer; that is, the limit on crushable length as
.r~rpared to original length does not apply layer by layer. The face of the first

Liver cin be regarded ns the base of a 1-foot column of material which will crush

75 p(rce,-rit of it! length, 3/4 foot. likewise, the column whose base is the second
Lvr ,,:1 (cr-,,sh to 75" p(ercent of 2/3 foot, or 1/2 foot.



270

Figure 16-6. Crush Pad Configuration

The resulting g loads are determined from the relationship

Asn= - (16-2)

where

n = Number of g's

A = Area of crushable material in square inches

s = Strength of the crushable material in pounds per square inch

W = Weight of gondola

The material employed was Vertical Paper Honeycomb Type 1/2" 40-50-0

percent, having a strength of 11 pounds per square inch when employed in 4-inch

thickness.

For the pad configuration employed, the g loads and energy absorption char-

acteristics of four different types of impact are shown in Table 16-3. The im-

pacts examined include one in which all the legs encounter the ground simultan-

eously, a situation where two legs hit at essentially the same time, an instance

where one leg hits substantially ahead of the other two, and a case in which one

corner, that is, essentially one half of one leg, hits first.

These data show that excessive g loads will result from a perfectly flat land-

ing, although all the energy will be absorbed with only slight crushing of the sec-

ond layer. Hitting on one corner would crush all the intervening material before

the energy was absorbed, resulting in damage to the structure. However, these

two cases are ones which are most improbable. A typical landing would most

likely involve mainly one leg or at the most the equivalent of two legs. Examina-

tion of these two cases shows reasonable g loading increasing in steps as more
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material is encountered and all the energy being absorbed before bottoming. Thus,

the protection is optimized for the most probable types of landing while at the same

time providing protection to a lesser degree for other type3.

16-6. PERFORMANCE IN FLIGHT i
On October 21, 1970 this equipmer.t was launched from Holloman AFB at

12:15 am. An 8-1/2 hour flight followed, during which the plan of taking data at

regular intervals was altered because of some initial difficulties with the laser

!ink. The control system wss utilized periodically for the first five hours in un-

r-•= successful attempts to establish tracking by the experiment. This activity con- -i
sumed approximately 40 minutes of operating time. At 5:37 am laser difficulties

were overcome and tracking was established. The balloon borne equipment was

operated continuously until 7:59 am for a total of 2 hours and 20 minutes with

data being obtained a major portion of the period. Descent and impact at 8:54 am

t followed. Slight Jamage of the structure was sustained, but all the equipment re-

mained operable. The year following thi.i successful flight, the spoinsoring agency

conducted additional experiments, and the vehicle performed successfully on th'p

five flights that werp involved.

16-7. CONCLUSION

A relatively simre le, reliable concept has been developed into equipment that

has been effective in the conduct of down looking experiments. The concept readily
can be scaled to other sizes for other types cf experimental work.

L ___
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scien~Lfic ballooning has been measurements of the attenuation of optical radiation

in the earth's atmosphere. A critical element for performance is the basic re-

quirement for a precise and continuous orientation of optical radiometers With re

spect to the sun. A balloon-borne biaxial sun pointer, developed by the Ball

Brothers Research Corporation, is used to attain and to maintain sunlock during

the rise and float pox-ticns of the flight trajectory. This continuous sw-dine can be

used as the reierence for measure of gondola motions.

17-2. N1EASIJREMENTSYSICEN1

Details of the unpointer and itq typiL-al operation have been described earlier

(Toolin and Poirier, 1970). However, the.e are certain broad and also specific

features which nued emphasis, because the., are pertinent to this Presentation.

Figure 17-1 preseritc the major features of ~he pointing control system.

JZItAU714 AXIS

SU~~SPfNC~ION TUBE

AZ IMUTH COARSE EYE bLOC K

SC ATTERI HC,
AND

ADIFFAEERENC ELEW'A7IN COARSIE EYE BLOCK

/EYE
'T BLOCK IELECTRONICS COMPARTMENT

AXI -ýr
DRIVE CASE ý-1 SPECTROPOLARIME TERS

BATTERY BO0

Figure 17-1. Major- Ieaturc. of Ii~loon-Horne lItaxial Solar Pointer
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The pointing control is mounted on the vertical suspension tube which is also the

load carrying member joining the balloon to the gondola proper. The horizontal

box~ houses monitor and control electronics and the sensov system, which activates

pointing in the transverse axis. The section to the opposite side of the suspension4

taibe would be for location of the instrumentation which is to be pointed biaxially

with respect to the sun. The fine sensor system, to achieve sunlork within :k 2

minutes of arc, is hard mounted to the instrumentation.

The drive case is the basic structure for the pointed portion of the si-. pointer.

lt is supported on the guspension tUbe by sets of space hardened ball bearings 1o-

cated at the upper and lower ends of the case. The upward extetision of tile drive

c;ise supports an atimuthallv synimretric array of sensors. These generate elec-
trical Eignals proportional to the. angular offset of the sun from azimuthal null and

drive the case and all appendages into the sunline. Conversely. once sun lock is

achieved, any rotation of the suspension tube due to torquing either fromi the bal-

loon or from the gondol2 will generate error jigna)6 from t~lia instrumnent-mcunted
fine sensors to maintain the sunlock.

Adc torquer r.,.otor rated at 1. 2 foot pounds is the driver. lt*, use elimninames I
the need for geair trains with t~eir attendant backlash and fric,;Gn problemns. An

ideaof erfi mncecanbe arnered from a worst case ins'tance we have experi-

enced. A 125-pound instrumentation package with suitable counterweights at the

other extreme of the drive case was installed and flown su c,7ess fully. This weight 4
corresponds to a value 35 percent over design limit. During ground testing the

system was mechanically set to a position 180 iegrees away fiom the sun. WVith

application of power-, sunlock was attained in less than. 25 seconds. The exampile

is extr.ýre. in our complete expericnce with this SN stemn any digruiption which

produced a displacemnent exceeding 3 degrees h-Ias been negated in less than. 3

beconde.I
An a-zimuth positirn poten~..ometer is mounted berweer the pointer structure

anu !he azrinuth shaft to provide u. u to 5-volt signal proportional to the, angfie ro--

t~veea azlimuth ri-ill (the suriline) tnd an arbitrary reference on the suiapeniion tube.

ItH output i'i a direct nieasuri of the aioveinerAt of the gonaola proper I~eciuuse of the

congatnt stlbtlitv of the sariltne. The te-A. frictional forces8 in the sYsterri are found

in the brusi~i)ie effects in the Alip rings and the drag effects in the roller llearinge.

In any case, the- total fr'iCtiOnAl force of the az41nith syqter' ýn flight uonfiguiatiori

never h~as exceeded 0. 3 pounidH.

17-3. ROiTA.-HZN AL DJATA

For four fliphis in th.ý pi ogranc. vie' uz,.d "h_' 2. (j . !0' T ~foof p'Žlyethiyl-

.n. -I! -1 ,L.'ýýPThp 1."'i -o "Ila h 1-4, ý--iw frnll n " (1 ovt
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determined by the maximum solar elevation angle for the flight day. For the fifth

flight we succesifully used the 10.6 X 106 cubic foot polyethylene balloon. In any

case, the moment of inertia of the balloon is greater than that of the gondola by a

minimum factor of 30 and by a maximum factor of 250.

Figure 17-2 represents the gondola ratational data from on- of the four

flights. The ordinate is the number of revolutions measured clockwise and counter-

clockwise, as a function of time after launch express-ed in minutes. Also included

AL0,T'JTU.(_ (I Qft) aole MSL

4 5

04 *'
ID 8-4C•

-o zi2 - jIIF 6;-=

2G 40 E0 KC 10" '20 A4) 6 .1) •
TIME AFTER LAUNCH min,

Figture 17-2. Gondola flotation - First Flight I
I--,

are the wind velocities expressed in the Beaufort scale and the ambient tempera- -1

ture obtained from a concurrent reading. The motions are markedly symmetrical,

at least after the first 50 minutes of flight. Particularly noted is that the motion 1
""fter float i- attained when oscillations dec:ia to immeasurrible levels In a.pproxi-

rnatelv 60 minutes. This damped o.•ciiiation fits well the model presented by

Morris and Stefan (1,69).

Figure 17-3 tarnishes thf orderly imnage of rotational motion of Figure 17-2.

The only common feature is that there are as many rotations ini one directior as;

in the other. There is no simllarit\ i.n amplitude or time. There is the sujges-

"2 tion of a c(tiii•ial source of rot~ation due to v.indI shear in the large amplitude, long

duration of rotatio. at QCi f,, Ai
IFigture 1'7-,i ili_.Mtratea to. rotatio ," ,1 prod ,ct of m1,ot 'e! r fli~ iit. No data w .re

Sacqui red until the flight avstiti re;::hed zi, iltitutide of 35, Ot, feet hicc;os c of the

pretv,'ilighi launch. In thiq illustr-ation, the 11eniifor' ,I(, is plotted on the

altitudtr'-tini line. l'le wv ignitudes of rotation COi p;.Irid withi the prenCediii
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Figures 17-3 and 17-4 have the common static characteristic that the gross load

is substantiFily greater than for the flight corresponding to Figure 17-2. Indeed,

for Figurc 17-3 this value is 200 pounds, and for Figure 17-4 it is 400 pounds.
k Figure 17-5a is the rotationtl history for our 10.6 X 106 cubic foot balloon

flight. Any correlation with wind shear levels in the atmosphere is not apparcnt.

90h
tw- 13701b

S~ ~~801 6L ""

: 70 1 ! .. •.1 min 4 5f

760 o42_

, C,

4) I- 1- 1340;bAICZ/
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•: ~Figure 17- 5a. hiondolo JBototion i~uring AOUIcIIL - I \uurt,, k l~ig,.

SIndeed. some order seeing to appear oniy Lhore 70.00 (ivjtet o,1 it, wa.d to 133,.000

• feet. Figure 17 -5h Is the continuution of th',s flight uill] ltn terrmination by cut-
_.down, Trhe potential de'cay in oiic'Inltion In lost hmecutnv' of valvlnjg opcr'itiors. TIhe n

substantial chsrnge In rotation during the~ie perlo,]k of low vertical v•.locltli,• iii
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These preceding data have been collated and arranged in such a manner as to
guide thoae users of the balloon vehicle who also have concern for platform oscil-

U lation. The data are presented in terms of a cumulative frequency distribution

shown in Figure 17-6. The statistics are based upon the four 2. 01 x 106 cubic
6foot ar-A single 10. 6 X 10 cubic foot balloon flights. The graphs show. for ex-

ample, that the rotation rate of 0. 5 rpm or less is realized 50 percent of the time

L. during the riqe portion of a flight and that during float the rotation rate never ex

ceeds 0. 25 rpm.

t

100

U

Z 70 - FLOAT

0: 70 - \
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40 -

-J30 --010.6 x Io u.fI.

2.0 X 10CI.tf

c-' 0 L L L I I .--

00 of 0.2 0.3 0.4 0.5 0 .6 0.7 0-a 0.9 1.0I.o ROTATION F.ATE (RPM)1

"Vigur, 17-6. Statistical Summary of Gondola tRotation l'a t e-H
for l~o'scl o (oupled Flight Svytem.,
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Figure 17-7. Mlodei Curve for Drag Coefficient of aj Sphere
ase Function of Hfigh Rleynolds Numberb

dc~pends upon the RIeynolds number, R. The drag coefficient is d!rectly proper-

tiona-l to drug force aid inversely related to tile squaroL of tile free stream velocity

u~nd diamoeter. The RL-ynolds nurnber is even mocre airnple, sinlce iti value deperdsi
directly on the free strLam velocity and the diameter and, inversely, on the kine-I
nifitic viac'. Aty. In anticipation, we can realize that for our balloon system~s the

m-,. important factor is the viscosity. which increases by P factor of 200 over

the altituc~e range', while tVie diameter increamei4 by a factor of about 6. (in thin -
baiwv would look for the muper-critical regimei to exist ti the early p~ortion of

ý1 fiight, tha-n the c ri tirAe, ;nd in the later' port ioii of the rise, thle suh- critical
regirne, until the ",,,.t ýifl LittaifH flouting Altitude when viecou.H forces attenuate*.I
'Ihfe fllootrailon -lrid following7 wr''- a~pted from a report by Ma;c(irrpady

andf 1., (1196(4) aid f( ill nioteii ml hy Schilrirlting (llI8OW. ý;Anir rg at Re , 10

Wilen tile haiminiar brounc;trv'lyrI (0 urorniefcirig to seirar'lite. tile- wake becciniee

IMrinrt~dy' aRFi lea Vitig ill (ric ii Injry fashioni. TIhe area of 'jepa ration on the Hrop~re
va~rlem with time anti pjoition, .ridicati'ig fluirtuating leveir, of high .nd low tiurfice

p~r1'mnmu non-F. Th'le w;1Vel crgt)i of the vwa ke i" n rloeiiimahi longer- thun ini the k; gin

Heyrnolds nlirriinfr regni r C

Il iit]( r-1gi.)nI iJEht.Pmi 2 , 1(1) acud 7 , I)0 fuuI Ift , we havc. t i': evcn' cill is.-

gui!lf Whiuch i spllc'ictrJi l111hiul cr oln thill-iar n-tvcl mpiletculy tin. :Ij-tlct fI',W.

to'' ill- 0'.,'c i ), ;nI (l C . on fit, on',ir'r of 0. 1. Hiut tnnro c/ ~rifhiie-nreml ill

lot' I)) it, tiy, rj;-ikc 1, 1 .thpI'-i ,c' rh ill dvfinrie' I .l tr e' mniviil, Hiirface u'i)ighihtu'-J

ll, ill, 1f'-ACid of the'- 'Jh'eirie't'i rf tht, NpJivii' :mcl pro~l1lr'" till, ihiistroc'c'd c-ur~ve-.

A



284

while a spider. or trailing appendage, would exaggerate this regime. Rotation it-

self strongly influences the extent of this region. When the peripheral speed of

the sphere is about three times the free stream velocity, the onset of critical re- >
gime orcurs at H e = 1. 5 X 10 . Generally, in our flight systems, the peripheral

speed, R , Is less than 0. 1 U., and the illustrated curves represent this state.

ntnfowrseto '' deahs eilIn che supercritical regime. boundary layer separation is turbulent, occurring

fected by surface variations. -

17-5. DRIAG COEF'FICIENTS

The arithmetical calculation of drag coefficientq is both stimulating and dis- AA
appointing. Sampling calculations have been made for the flights described by

Figures 17-5a and b a~nd Figure 17-4. In the former case, between launch and

30, 000 feet, the flight system is operating in the supercritical regime, vwithA
Rcoynolds number of approximately 2 Y 11) . A C 1) =0.4 is appropriate, from In -
spection of the moild curve of Figurv 17-7. In the rise portion, between tropo-

spheric penetration and exiting, the value of U 1) would be about one-fourth of

model value for the supercritical regimne of flight. Calculated figures for R e ar-e

of tile urdur of 'a .:1 Abovt tha-i tcpcispi"Cric diacnn ti.on1- to Mlat. CaiCulatc:

va~eaofR~areofth oder of2-l~ orsponding to the subcritical re-
girme, with an idealized vplue of 0, 4 for

Drag coefficientu can be calculated by the exprefision relating to a sphere

(Schlilchting, 1968), The frontal areas of thiý balloons ire determined from the

shape curves by Smalley (1963). No :oorslder:jtion Is nvdcý for relative mass ef-

feet or random surface corlintcmtion or lack of tsphcricitv. The calculatt d valuen

follow the model curve almost idauilly -except that the ab~ooute values are grrem'trr

than the model valuesi by- a factor of 41

It would loý orde rlY to cor eel ;ite lb.' ch;.nget in dr-,,g ino~effic!( ent with r'ot ationadl

a ction of the gondola. H owever.r the vei'v loose coupl ring betv.een balloon an rd gon-

dola ;in(] the large di fference Ma the niorircutm of inert iti of tbiew! two hodesrice, eitte

an'y such conjf.cture. The. balloon wYttke effert in a rninor criergv mource when

comrpared with thty r-naminve.u mpnpittides of fihuri,: unfolding forces and rudderlike

mctloris.

T[he dln~iiiict v~iriai)I~tY v and'I lngitua'irmul extei t of thte watke uasn'n'lntvdr w.ithi

thet-s lunge M(:ynol'ls4 rnu',h'' do 1111llCoat' thei IIK1'I)t'Ou'I Of iinurreill 1uan1irlent stirup-

ling of the UstIcosphla 'airdeis tho MtFl4vireg 5V'4twn'im JIs dpliiaud isevcn to term

I ,louii ia~uirIv'3 t-1f C14. vi'lhitl(,
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17-6. PENDULAR ACTION

Since this paper is intended to summarize the flight performances compiled

for this program, a sample pendular measurement presented previously (Toolin

and Poirier. 1970) is included. The flight systems have behaved like simple pen-

dula, with amplitudes never exceeding 4 degrees and becoming less than 0. 1

M degree at float.
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Cof,tents

18-1. Programs Achieved 287
18-2. Short Term Programs 293

18. The French Balloons and Their Application

R. Regips
Contra Nations) d'Etuas 3S,,hielvis (CNES)

Paris, France

I1-i. PROGRAMS ACHIEVED

The Cenire National 6'Eiude- ... .. ce 1972 rinr,:u.!_ .i: c

for the development of space techniques for scientific purpoaes, hrns diected :'-

work on balloons as complements to prob-'-rocketto and satellites.

This complementarity of balloons is expressed not only in s:JrCe (where, very

schematically. satellites have an influence zone above an altitude of 210 kilo-

meters, balloons below 50 kilometers. and probe-rocketa alune ,re able to cover

"the iriterrrediate zone), but ahlo in other ways, either an autonumous vehiclcs for

the transport of scientific experimnents, or ati an integral part of a coMplex and

costly myntm.

18-1.1 Bialloons: Autonoomous Vehides fI"

Trajisport of Scientific EIperimernts

"Thc object was to eutauttlieh a eysitem of exploitlittor of hulloormi with the fol-

lowing nmain chfiracteristics,: low coet alloy'Lin perforniance of a lurge numbet of

tests; facility of putting into use, allowing synteni-uthi exploitation In orgnnlzed

c:cliterti; anrd vpcci ally, exploitation oil demand for "clrntifl,: en rnip;,Igini carrlend

out in tpoer:Ifiv areas rind at specific periods of tittne,

Preceding page blank

' , * •i • • • . ........ 3" -- •• - • •--'• -"•'• • a --



288

These goals have been achieved with Tetroon stratospheric balloons, a "zero

E pressure" type, carrying payload weights less than 300 kilograms at altitudea be-

tween 30 and 40 kilometers.

18 -1. 1. 1 TETHOON BA ILO-ONS

These balloons are in the shape of a tetrahedron at the top of which is attached

the payload. They are made from plastic film of constant width which runs from

the top along the tetrahedron surface in a spiral form; this hot-air sealing by the

covering is continuous and without preliminary cutting. A polyethylene film is

used, 25 microns thick and 3. 3 meters in standardized width. Very accurate

physical, mechanical and geometrical specifications, laboriously entablished,

allow us to obtain constant quality products from our suppliers.

Three mnanufacturring unita have been installed in a plant ica.s than 1000 square

meters in wurface, two of them for balloon production of volumes greater thain
50. 000 cubic! meters, the other for tjili production of smaller volumie balloonis,

mainly auxiliary laurnching balloons.

T'io. tetroon shape allows production at a /ery good price, hut it is not phybi-

callv adapifr] to the balloonlii realization. Therefore, dJimensionh are limited to
a .olurnc of 85, 000 cubic meters and to scientific loads of 200 kilograms. T[he

annual produ, -.,on capacity is IS0 i,ullooris of 85, 000 cubic meters and several

hundred auxiliary balloonii.

Oni request, any volume can be realized from standard polyethylene.

I1t- 1. 1. 2 I.A UN (AEING OPi'ilA'IiONS

'Ihl( launching roethoil retained Limes the 'auxiliary balloon'. Uric or neveral wuzll-

iary balloons of v' few hundred cubic ririders are filled with hydr-)gnn, tied above
the loads to be cuirried, and tethered to the gr'ound by tricarls of cablem with pyro-
technic re~l e;ise. Tit.- mrain billorn tlo ronuirituinied in ii Lritinchingp system with three

mobile rodiq for laurichning. Wkeighing in dlone on a acnile mupporting the launchitingI system.l On either side, onl thlt scale we find the Inflatrio lbubble rtin tire rest of
the rri~ln baelloon rirvrv-ld firl the groinrd oil ai protection cover.

Afte~r Inrt &tiorr. geir' rully xvith hy d roigtn. tire b~iDoor is lziuriched; a few Bee-

orlde later the, orie or' ievo ,ral arx ilia ry balloorii nare alwo lautnched. 'fhepe impose
as r'err s in 1I spVed to the loalds c ar ried, anud wheri all bal lonnr arnd loadsi lire aligned

in) till! FIXl of thfe MRS I h1Alloon, all W1Xli1e I riei are' released. 'Vhs. launching

rinetiiod Y/asf ilml for. fleverfil yviiirs arvi woi. based oan ai jyrotthrnilc device co0i-

rrni(Vi~indr Ily i romreti-i'! csjrsrilr (workiingat 100i')(t-r~tero In~ 'nltitiide). Trhin de-

(arcIrii -dvirce. Allowivlng voirtitlon of tire vxp'rrrmmerit In i elation to tire ballumira,

i rt rr vt'r",' j,"utl~f .; ri on' it jreifr rr!Iilifet ' Ir- f'rim-tlonrig. l-urtlif-rrnu~re,
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This launching method can be used in nonprepared areas without important

means on the ground and thus is particularly suitable for s,.ientific campaigns.

Establishing balloon launching stations in France required a thorough 3tudy

of the problems concerning air traffic safety. These problems motivated the

choice o, Aire-sur-Adour in the southwest. and in the summer the auxiliary sta -

tion of Cap in the southeast. All balloons are equipped with fictive radar response

devices and are continuously tracked, not only by CNES, bLvt also by civil and

imilitary air traffic navigation departments.

Very precise weather forecasts determine launching3 and allow practically
100 percent recovery with the help of aircraft and groundJ vehicles with homing

radio equipment,

Laurnchtng stations are equipped with telemetry and remote corktr I eqiipme it

and test integration laboratories.

AhoLt 150 flights are done each year (3ee 'Fable 18- 1),

These comprise ne.cesary operationai equipment for flight realization, scien-

tific equiprntit for telemet."y, remote control and localization, as well as neces-

='ry P•.P i1•ation device_, tr!r -,tnF. oxvortrlrn,.t, Stnrni- ftripntifir oniiprnpnt

fol1"wH.

1() 4)tie IIG standard .'1'I'M telemetry functions in the VII1,- range. He-

inotely (ontrolied Is the '( '1 'S"K type by rmeans of which five functions can be

rastorialized. These two very cheap equipments allow us to carry out low cost

flights without recovery, especially out"ide orgmniz.d center. I
(2) A triore rniplex telemetry, remote control, and local1iation integrated

system provide,; vither an Ir(IG atodaritrd I"N/ I -'N telemetry with L very stable

.transtoitter and w, r low i.gnsl-to-noisc ratio, or a very high performance lCNI
tehvinetry. [tH ijec'or:i:-y is• independten! ftorna lialout, atr~l sm Incre)atis d; the numrber

of eraittted pararmeterH cal )1e ihigher than 100

PI errott. Corotrl I of .1i1. I'('NI 'I '1 K type with an address iytitem pmrticularly

for simultawincum Fiights a0lowing thi.e ufi: o, ti- whole instructions uapaclty.

ieletniuay transrritt er and remote control rf"rilver ure linked to a singlr untunnra

bv a oa.nw of a (hple•er. 'The uddition on thli remrote control vnriioriun on the

ground of a localization nagni•l retrartm itted bv the t•tol~eitiF ulr• u'•.unt rllowN dif4-

tal.e• io,-all zuttiot of the Ialloon u (uc:turaw:Y of allout :I kilornetf! rv).

(3) A sthbllkzetd Uaond.)la wqH devwlop,.d to pulrn a lowd of al.out 100 kilosi ac-

curatoly on thr. r#ijri or ui the: ut•irn. It won ks Inr thIe ýfollowinrig w:t.¢. '1h'1v C,/o

clintrol e•serrilily win n'h hIan tihe func'tion of orletntirr g the gprdioloh is r!pidly linked

Whir the 'xpomrzu'vilt. 'I e gvpodrla v/hld( h ah threie digrees of freedoin is onrivrted
•~ ""lm )i dry 11i"43")Yi1 " " "
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Table 18- 1. Launching Center Activities

:967 1968 1969 1970 1971

Flight umber 197 183 146 134 142
[Scientific flights 125 141 109 115 120

Technical flights 72 42 37 19 22

Flight Qpi~ality
Operational flights 196 171 142 134 142
Successful 152 148 129 124 124
Balloon failure 31 is 13 10 13
E.quipmnent failure 3 1 0 2
Launch fat) re 10 4 I 0 0 3

P~ercent Failure 22, 5%t' 13. 5% 9.8% 7, 5% 12. 5%

PerformanceI-Overall great pala (os) 1 17 20 20 22,4
f3illoon volumne (103- m3) S 6 8,5 8.5 9
Average payload (kg) 00 9.5 3 5 1512 157
Averaige volunme (103 nil) 25 35 60 63 63
Frackmrg durzAtion (h) - 990 830 750 750

Geo ra hic Location of
Scien c

AiesrAor102 82 70 '1 70
Gatp-T>ilhard 10 1 P 25~ 34 17
Campaigns 13 40 14 10 27
Overall numbller 125 141 109 115 120

sunpended from its center of gravity by a table point with three concurring axes.
'I'lic gondoloi iH urico.upled front the balloon, -11- drive units are formed by iniertiai
wheels to which desiituratirig unitsi (ire added deadheads anrl Vertical axis torque

inoto r.

tihedcttr r folla-.'s!: "yrvov(_pf! wnd riagnetorneter )or the fecquis!I

tion phase; ,uni or stair diIector for the pointing phase.

18- 1.2 Iialioon. Awaristnif willi x (wij.icdr and Cosi~y S) 11trmn

In this cugr! (as in the Lole project, balloons tire detectors of phys~ical pararl-

etei s and are awaoclated with a complex and costly saktellite systern), balloons h*j-

comae actual 1Nini-miitellitet4, rind ti:cIr reli;tihllity mnunt he ahbolutely ennured.

1'ro'du-t ion of wnvelopuki (three meters dianieter) and gondolms (weight four

hi lograrni, length 10 nieterii) k~ ext r-irio-dv N Plritorat e eand tweds thne m~ont modern

,Lrrr'tnIqueii accordinng tri thec very ftrictt it sea4# Irnipotied by the project.



18.- 1. 2.1 ENVELOPE RE.QUIREMIENTS

The thin envelope, light ard resistint, must be absolutely leakproof to the

particulaIly fugitive helium gas in very extreme environmental conditions (low1
C-- temperature at night, solar radiation and ultraviolet rays during the day, and

ozone). A'ter a large number of tests on different materials on the ground and in

flight, the choice was finally made of a laroinated complex film made of two

23-micron polyester films bonded with polyester resin. 1rach envelope is made of

16 gores joined edge to edge by thermosetting tapes also made with polyester,. In

order to achieve the re!;ults expected, work concentrated essenlially on: (I) selec-

tion of good quality,- basic material' by inupection prior to production Uf the bal-

loons; (2) imp.-overnent of existing, production te, hriques to reduce frictions and

abrasion of the material; (P) intiocdUCt ion of a tyiternatic inspection procedur(

during and after manufacturing; (4) conditioning of the envelopes for transport;

and (5) launch arld prior-to-launch testing.

Finally, at the end of tlice aerial production of '720 envelopes where hn cost of

inspection plays a big pA rt in the fi ral cost, ;i s,:nple of 120 balloons V'Iai sub-

mitted to a complete series of ground tests on mechanical and physical character-

istics and then were subjected to flight tests.

"2.eoe flight tests were performed, as most completion campaigns, from

Pretoria (South Afric-). Thi. station Is equipped \vith All the necessary test instal -

latlonu for envelope preparation prior to launching and therefore ha,,; helped in the

setting up of launching procedorria for bAlloonk and gondolaH in the E'ole prototype

station in Aire-sur-Adour. Three Identical sttation:i have hien established it,

Argentina; Nlendoza, Neuquen, and ,.ago -agnano.

18-1. 2. 2 'TI1E l. )L l '-:;XI'IKItIML.N I

The Fuolc gondola conslistt of the following itcrn.'i:

(I) A solar cuell et~crator

(2) A batterv itnrd it; protection cons-

(3) A batterv load regulitor

(4) A set of pressure, s.nlei-r-nre .nd tr-rupl•raturti- .s(tr orý:

S(5) A transpondor

(G) An antenna

(7) A ballast bag

(0i) A rdar- refle-.toni

]IVI: 1h1rlrded Of)cr-;ti,).il| gOhu lna ,'t': rirlc de. I-:xtre el t" iii ,d t quir':r•o-n l~

were Irlmpos.d or) the •,ipplieri. (.'rHrj,#1ei tior.q iric-Iulued: (j) 1I,1r trI -r.,] ;muntiti

hig s.tresaes on the stabiilty of different pa r:uruettra, rt-cei-.'-r-ar., .ilIvity. power

.... I. . .h . -, ,.,,, ,,m l• , U ,-...r-- . . . ...Uliu 4, a •lr .l, ..r1•ill -[ itf l.

I
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launching and flight, and (3) przduction 4~tre:3se4i imposed by air traffic -safety

without compromising handling facility, and taking into account mechanical

stresses due to flight conditionsi.

The Eole experiment was at 200 mnillibas.g Collision risks with aircraft had

to be evaluated aad made known. Even though the collision risk is minimal (prob-

ability of 0. 0003 per month), important worl' -. ~ arried out to ensure that the

collision risk satls'ied the safety standarda appl.4d to aircraft operfrýtions.

Impact tests consisted of throwing gondola parts on'to cockpits. Jet engire

parts and running jet engines, or. invervely. throwinR a cockpit or an engine part

onto the gondola part lo be tested which remained fixed.

Exploitation of these throwb allowobd us to define nroduction concepts on the

den~iity and reliability of the components.

18 -1,.2.3 FO LE R LSU LTS

The rer'4lt of the Lale operation was positive Scientific ditts processing

necesoitated us to obtain daily ieplice from 250 h~alloons during a continuous

perio~d of 15 days,

The objective was largely achieved. Mlore thank 250 balloons In !light during

mrore than 46 days registered more than 250 replies per day during 25 day3, and

this in qr$se nf 1ý heavy hnindirap due to the tnecidental loss; of 89 halloons at tile

very beginning of the sowing.

The technical tracking situation wan as followHp on the 15th of July 1972:

30 balloons still alive

16 balloons doubtful

4334 lost

Amtong the still operative ha11c'onm, the oldest one launrched on 29 Augimt 1972

has 321 da~ys of life. an~d the latiest laimphed on 21 November IC1 h7Ilas 222 days

of life. Mean lift, duration of oporktive bsilioons supplying replien is 255 days.

Mlean life 0ir~ation of alil balloonis P4 10.9 duys.

I H- I 2. 4 VIfIUI TEni '

1'reii-niriary flight togto from' l'rtoriki were carried out with two telemetrien;

of different complexity emnitting in the 3-30 MHz ritrige, where the Ionospheric re-

flectioni h~~~. y wererns of miultiple rogflectiono, ranges of Several thousaind

kilorn et erri.

The niniple~it of theme eqnjipnicntu is the (I I(JYJ telemetry, I rorn an corigirnH1

idce;i of the Ano&rjctjn N, CA. AIt. A Morse code le~tter aimed ut a given sensor iii

directly proportioritil to thei frnquienry of the sniir menmior. An i 'oproved veriaion

w~thi four gaormorm i o induntri Mi-~ly manabufac~tu red, andtil 61l(onrn a r r t rackorl hy a few

very Otimply equipped reception stationsa,



A more complex equipment was developed t,) remedy the faults of the GHOST

gondola, including low accuracy of measurements, small number of parameters,

no possibility for study of nighttime phenomena. The type of sensor signal being

unchanged, the frequency is digitized. A binary word modulates a transmitter in

amplitude; 15 parameters are thus emitted. Supply is provided by an Eole bat- A _4

tery recharged by a solar generator. Two emnitting frequencies are also used- -

one for day, one for night. The unit with antenna (a 50-meter vertical dipole and

an 8-1 -'ýr horizontal. dipole) is quite dlft1 -dit to launch, but it has allowed us to

obtain y conclusive measurements during flights carried out in 1968 and 1969.

F~urthermore, note the duration record of 603 days established by a super-

pr'~ssure L.Alloon at 150 millibars equipped with a GHOST gondola.

rDhscoritin~ous reception of telemetrics does rot alloy, except in rare occa-

siono. direct operational uee of long flight duration superpreesure balloons. Blal-

loons must be integrated in a complex data gathering system-, for example.

TTROS-N in course of development. On the other hand, these equipments 8sern

sufficient for some technic al studies when adjusting the balloons.

18-I1. 2. 5 AL'2YON SYSTEM

This system, comprising a zero prcsaure carrier balloon associated to a

auper'prebsure stknilized balloon, was flight tested in March 1970 In Pretoria,

TIh i L urrier was a tetroor, balloon of 10. 000 cubic meters, madf of 20-micron

polyethylene film. The otaiitlizer was a specia'4 balloon 10 meters in diameter,

mnade of laminated polyester (2 X 23 microns).

The stabilization principle wasj demonstrated, hut ne operational development

of this 4ystr~m was oerforxned due to the complexity and, mainly, the cost neces-

sB.riy to aichieve acceptable receipt of scientific dsta.

P'resent budget exp*ec'-.tions do nijt allow iiw to defint' iriip--rtsnt long terma

pr ogriitii, Buit the existing operational, toclikkIi , arid indL.8t rll potentiAlni wid
'~i-cdiiH grarited by the Irench Government rLever-thieless allow us to ensure con-

tin 'iativn of slow biut real progrespi Ina the usae tof hlumorH fo r ticirti fic prog rairn

and niuinly for applicntion progr[iunI.

Amaong techniucailly pofrwiblvi real I i/at lo11, we' criiv reta in t ns,.c that ale 11o

i-unincai an v hor' ter-i wjsr iiforturvitely the prejudice of pY-riikt-
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18-2.1 Free Stratospheric Balljons

The interest in these balloons for scientific experiments leads to pursue and

develop their usefulnt ss.

Tetroon balloon8 will remain at their present development stage with maxi-

mum volumes of 85,000 cubic meters for scientific loads les.3 than 200 kilograms.

For the last three years, experimenters have presented more complex ex-

periments of 30i, kilograms launched with American "natural shape" balloons of

85, 000 and 30i,, 000 cubic meters.

Necessary operational materials already developed and used will be improved,

such as launching and weighing systems; unballAst caisson, indispensable for

flights of 300. 000 cubic meter balloons; and different safety and versatility equip-

ments.

The natural increase of requirements following the first successful flights and

the cost of American balloons in France, which con.siderably strained the budget

of the Balloor.s Systems and Projects Department. led to the decision to acceler-

ate the design of our own "natural shape" balloons from 1971. A first flight of a

100, 000 cubic meter balloon made of 20- micron polyethylene, reinforced with

triplex tapes 20-13-20 and loaded with 400 kilograms, was performed in May 1972.

7[ie indlistrial development of oper,:tional 100, 000 and 350, 000 cubic meter

balloons for 40,-kilograrn loads is being actively pursued, in spite of difficult

safety problems relative to testing above areas with a high population density.
On the other hand, nons'jbsidiz~ed programs on larger balloons and on strato-

-:pheric, superpre-'sure balloons with dissymmetrv, 'sued gores are also being

carri :d out. Furthermore, with cost effectivencss concern, technical and organi-

zatio. iprrprovem.ents will be brought to all the exploitation phases: preparation,

inte-i dcion and putting into use of experiments and gondolas, flight realization,

data reproduction, iind so on.

1-2.2 Free ";uperpreRIr,. lialo,,,na

The TRl).S-N project brings an irnportant workload to the electronic engineers

responsible for the design of balloon gondolas. The performance required from

the TIRiOS-N projecrt mainly test the feasibility of an ultra sta.blc pilot oscillator

to ensure accurate localization of the mobile platforms, solely by means of mea-

suremnents of the lDoppler effect in the single sense liaison: platform to satellite.

Syeveral test campaigns are projected in Prctoria. lEole-type balloons made of
different complex materials will hc used with special technological gondolas.

Without a Inrig term expioitation programn, the industrial production procedure for

operational superpressure and free iballoons, for long duration flights at altitudes

I
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from I to 30 kilometers, with light loads, will be defined to satisfy the large
number of proposals for scientific utilizations without delay and at the lowest cost.

This program, very vaguely defined, concerns spherical balloons from 1 to
20 meters in diameter and is part of the general study made on complex materials

and on production of low cost leakproof envelopes.

18-2.3 Geostationary Ba•loons

A large, long term program for the application of geostationary balloons is in

the course of study. It leads to very ambitious realizations of power driven plat-
forms, several million cubic meters in volume, stationary and permanent at alti-

tudes above 20 kilometers.
In a first phase, where the essential purpose is to simplify data acquisition

during flights of long life free balloons, we start the industrial development of

tethered balloons with low operational cost.

Taking into account the strong winds in winter at average latitudes between

about 6 to 15 kilometers, maintaining a balloon in this altitude range cannot be

considered. On the other hand, balloons situated above 22 kilometers would be of
a prohibitive size due to the decrease in density in altitude and to the winds profile.

Therefore, two types of balloons can be considered: (1) a tropospheric balloon for

0. 2 to 6-kilometer altitudes and (2) a stratospheric balloon for 15 to 22-kilo-

meter altitudes.

18-2.3.1 TROPOSPHERIC TETHERED BALLOONS

Experiments of the National Meteorological Office and the use of such bal-

loons by the Commissariat a lEnergie Atomique (communication presented in
1970 at the preceding AFCRL Scientific Balloon Symposium) show evidence of the

feasibility of this vehicle.
Technical developments and present industrialization allow us to intensify

their use; they are very light balloons, with low operational cost. A probation
model of 65 cubic meters was manufactured and used for the adjustment of a
technological gondola allowing mechanical, thermal, and aerodynamic measure-
ments. The Zodiac-Espace Company develops these balloons, and the CNES

takes a direct part only in the flight tests.

18-2.3.2 STRATOSPHERIC TETHERED BALLOONS

We cannot possibly imagine a tethered balloon in troposphere, if aerodynamic

shapes have not been very carefully studied; this does not apply at high altitude.

The natural shape of stratospheric balloons with gores is then imposed because of
its excellent aerostatic efficiency. Two experiments made by the National Mete-

orological Office have shown the feasibility of this system:
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(1) In June 1970. a tethered balloon for the first time crossed the zone of jet

currents and reached a ceili.g of 13. 000 meters off Corsica.
(2) In October 1971. a record altitude of 18. 000 meters was reached in

Guiana. ?

IA
These vehicles seem well adapted to scientific work, particularly for Mete-

orology and Aeronomy; therefore, the CNES and the National Meteorological
Office have set up a common development program.

Checking of the missionp that could use such platforms is being done at pres-

ent. But, already the first phase of the program is fixed in function of a mission

with semi-operational character in the GATE program (GARP Tropical) for the
summer of 1974, comprising one main meteorological experiment ard auxiliary

tests ienvironment, telecommunications, and so forth).
A technological test of the platform appears also to be necessary in Septem-

ber 1973 at the Guiana Spatial Center.

r
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Appendix A

Technical Development and Industrialization

Besides operational programs. studipii on technical devclopment and indus-

triali?,stion were started.

-- Existing riechanical and electronic industries and the experience of manage-

ment, organ 2 ati -n and technical. follow tip icquired with probe-rockets and satel-

lites have allowed us to succeed in the realization of gondolaq.

On the other hand, the thin plastic film industi %, whiich was ver'y competent

in the field of packaging, had to improve, in spite of a lack of industrial and econ-

omical motivation, in order to reach il su,.fficient techniczrl level for thle production

I- of balloon envelopes.

First of all, the (NI'S. inspired bY thr- rprnirkahle Arnericatn realizations,

Industrially developed tetroon polveth-4ene balloons. To succeed it retained for

several Years all the technical responsibilities and aisisumn.ed tuntii .. ial ilqp-
FZ

port of thle operation.

However, the Ecole proJect, with a ''ccv different budget and real cconomnical

and technical motivations raised by its difficulty in realization and it~q character

of a project .ipplicable on a xorld s-cale. alflow.ed us to start long term deve'lonpment

of balloons.

F'i nally, the I udustria I pol i c t'f the. ( NI S, ':i i li is to le-t the 1, rn chi an,!

Euiiropean inodust ry benefit fromn the re- ilt s of q pi-inv rusm-d chi req ci red us to

work in prio-r itvw xth the cxi sting inl iit ri us, to thr prviud ice of mnternal techinical

d!evelopnnents vhich vom'v often ievri-, in ;indl qu~cker to responsible 'gnes
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Therefore, the work started on materials and sealing techniques is lcng and

delicate, but the first resulte show that a specific industrial potential is thus set

up and allowf us to already foresee fu-.are development on a realistic and efficient

basis.

18-Al. DEVELOPMENT OF MATERIALS

For each balloon project the materials necessary for the productiorn of the

envelope need to be specified.

Criteria for selection: (11 from the project itself (flight level, flight duration,

load carried); (2) in function cf standards imposed by the use of the balloons (con-

dtioning. launching, ascension, ceiling).

Selection is nevertheless difficult: Propertie3 required are not always ex-

pressed in simple and realistic technical termrrs and are so netimes incompatible;

for example, mechanical strength, flexibility and tightness. Products available

in industry art. ill-adapted and some very interesting mate rials remain at the re-

search laboratory level because the balloon application dots not justify their de-

velopmen'. However, from a large number of studies and 'ests with the help of

classical and original means, it was possible to define a fir't selection of mate-

rials for zero and superpressure balloons and also to plat -,i improvement pro-

gram.

18-A1.1 Materials for Zero Premsure Balloons

SWe retained polyethylene (with a low vinyl acetate percentage) among the

pol.yolefin films, mainly for the flexibility quality: 25 microns thick, 3. 300 meters

wide (folded in 1. 650 meters) for tetroon balloons (homogeneous envelope) and

20 microns thick, 1. 850 meters and 2. 500 meters wide (flat film) for strato-

spheric balloons with gores (equal stress distribution due to the natural shape).

Note the distinctior- between the gas envelope and the load support with reinforce-

ment tapes.

The main difficulties met in supplying these films are caused not by the widths

and thickncss required, but by the dispersion of thickness and mainly by the het-

crogenei.y of production within one production run. ConscquLntl,, the polyethylene

supply is submitted to specifications established from statistical analysis of the

physical and mechanical laboratory test results or, very large quantities of film.

These specifications have allowved us to succeed in the complete industrializa-

tion of tetroon stratospheric balloons (materials and production) without an, sen-

sible alteration in the quality of the b;illoons.
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In parallel, the following works were undertaken: (1) Studies in industry for

the imorovement of the polyethylene extrusion conditions and research of new

resins allowing us to obtain films suitable for balloon production; (2) laboratory

k work, particularly on the visual aspect in polarized light, in order to carry ou.

continuous reception controls and to establish nondestructible methods for the

study of physical and mechanical parameters; and (3) systematic control of cold

brittleness by two methods: (a) dropping a ball on circular samples and examin-

ing the tear; and (b) bursting cylindrical sleeves and recordir- stresses, pres-

sure and tear.

18-A1.2 Su:mrpreuurt! Balloos.

For supe.'pressure balloons (long life duration) n, ;iL.,":. film could be re-

tained. It was necessary to design multilayer complex .- .'erials where each corn-

ponent corresponds to a well defined function. The simplest of these is the lam- I
inated 2 X 23-micron polyester. used for the E'ole project. The large number of

coniplex possibilities justifies important studies to specify selection criteria and

to establish original testing r,eans. Among the means presently used or about to

Sbe :ichieved, we particularly point oit the following.

18-A. 1. 2. 1 DETERMINATION O0.' PEflMEAB!T 'TY COEF1ICIPINTS

Transmission of a gas through a polymer is done either by pre-existinig pin- =

liolc.i (effusion) or by absorption followed by desorption on the active centers of

Sth'c material and mainly in the case of complex films by the temporary formation
Sof interstices due to the thermic agitation which stretches the molecular structure.

The permeameter used from a group of exchange cells allows us to test film

surfaces between 100 and 1. 200 square centimeters. Measurements are made
S• by chromatography and are generailly' followed by a golobal leakproof test on spheri--

cal balloons of three to four meters in diameter in order to check damages

caused by rumpling and abrasion. On this subject, tested balloons are submitted

i on a vibration bench to very severe reproducible vibration testr,.

18-A. 1.2. 2 AGING TESTS

These allow us to analyze damage of mechanical properties due to the sun

iuhr;iviolet rays favored by the presence of ozone in the atmosphere and to evalu-

-ite thermo-optic characteristics, in particular, the solar absorption coefficient

•hich acts directly on the thermal equilibrium and pressure of the balloon.

T'hc simulation of environmental parameters with respect to actual flight

chjiracteristics required choosing a lamp true to the sun's spectral energetic dis-

trih'ion (xenon lamp). and cornputine energetic doses received by the balloon
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(presence of high pass f lters for a specific period of time) as a function of the

day time variation of solar ultraviolet lower limit and of solar intensity value and

as a function of wavelength with respect to light values, with work in actual time

and day/night alternations, Tests also considered temperature conditions and

atmosphere composit.on (pressure ozone ratio). ,

The simulation is followed by spectrosconia and dynamornetric measurements

on blank and aged films and ic completed by viecometric measurements, allowing

us to define the critical wavelength range, the nature of damages. and the eflect

of different parameters on the damage rates.

These tests are ver, Long to carry out; therefure :n ,cw complex qys*¢m for

the whole simulation of balloon meteria)s representing environmental conditions

at all flight l-vels is just to be achieved. It allcws us to simulate in the same

time and for a period of several months circular samples of 50-centimeter di-

ameters ',2) solar radiation, (2) external environmental atmosphere (pressure,

temperature, ozone concentration), (3) internal atmosphere of the balloon (helium

pressure), (4) balloon mechanical stre3ses and their variations over 24 hours.

On the spot measurements are also provided on curm.ture radius of the sample

tested as a function of helium pressure, optic transmission and permeability of

the material to helium.

This equipment will be in operation at the beginning of 1973 and will give us

an important meanm for study and selection of balloon mraterials.

Slý-A2. DEVELOPMENT OF SEALING TECHNIQUES

Important choice criterion for a material is its capacity for assembling to it-

self respecting the following specifications: (1) mechanical strength of the seal at

t. least equal to the strength of the base material, (21 slow variation of the elasticity

nmoc:ulus across the sealing to obtain an almost homogeneous envelope, accepting

folding, rumpling and energization without a privileged zone of stress concentra-

tion, (3P damage of physical piope-ities due to atmospheric factors and aging as

low as that of the base film, (4) high continjous sealing speed and constant quality,

and (5) if possible, low cost in sealing realization. Numerous sealing methods

wer- studied and used, such as thermal, ultrasonic. hyperfrequencies, and hot

and cold welding.

At present, in order to develop industrialization, we retain thermo sealing

which corresponds best to the specifications imposed. The hot welding with ad-

hesive, largely used in the Eole project for assembly of laminated polyester

films, is retained for specific applications becai~pe of its high cost.
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! ~Therefore, the sealing function is highly decisive in the definition of new corn- 74_:plex materials. and at presfent it leads us to lay on each side of -•plex materials - I

e. polyethylene or other t Im with equal properties (in particular, sealing ability,
strength, flexibility). This laying is doae either by lamination or by extrusion.

Furthermore, its presence provides a better aptitude to folding and rumpling in

increasing the curvature radius of the folds of th, other composing materials 4

which fill the functions of mechanical strength, tightness, non-tearability, and so

forth.

One of these complex materials is the Tri,)lex "polyethylene-polyester-

polyethylene" 20-12-20 microns thick, which used as a basic complex material,

with thoroughly studied properties from well known elements. Other complex
materials are now being industrialized with different thicknesses of composing

elements; others are reinforced with nets of grids or clothes; for each type of
balloon an appropriate complex material can be defined.

With the precaution of selecting the internal elements of the complex materials,

such ac that their melting temperature be superior to polyethylene, the sealing

technique was considerably improved. In fact, these internal elements serve as

a melting polyethylene carrier belt, and this unit with constant calorific capacity

by length unit can be considered ah a heat quatitity regulator which allows us to
dose the sealing depth.

18-AZ. I Sealing of Complex Materials

Sealing is done in the following ways: (1) heating zones to be sealed at inter- I

mediate temperature between the temperature where polyethylene begins to meet
(about 130' C) and the melting temperature of the internal elements (about 170' C,

for the other polyesters), (2) application under pressure and (3) cooling.
This heating temperature and the thickness of the heated materials determine

the heat quantity applied, and define the sealing thickness without riF:k of damage

to the internal elements. Great versatility in the design of sealing equipment and

facility in control are thus possible, and this is very interesting for industrializa-

tion. Continuous high speed assembly is possible and the speed regularity is not

a critical parameter. The necessary heat for adequate warming can be trans-

mnitteci either by conduction (constant temperature heating roller), by convection

(hot air with constant temperature and flow), or by radiation (infrared lamp).

The choice of heat supply and consequently the design of the assembly machine

are defined for each seal operation to be carried out.

Example realizations are: overlapped seals, for which it is possible to heat

one of the two elements only (for example, a quartz tube placed in one focis of a
reflector elliptic cylinder) and edge-to-edge sealing by meams of covering tapes,
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where the tapes only are heated (generally by contact winding on rollers main-

-N tained at constant temperature).

Materials designed in this way are capable of realizing thermo-welding as-

semblies as in the case of the Eole polyester balloons.

18.-A2.2 Corret Positioning

Correct positioning of the elements to be sealed is critical and must be con-

sidered in two directions: transversely, to define accuracy of the covering or )f

the edge-to-edge and in parallel to define the relative balance of lengths.

Transverse positioning is automatically achieved by a system of elastic small

rollers slightly tilted and constantly maintaining one edge of the film against a

fixed plan. without generating an importarnt effort in the progressing.

Parallel positioning is more difficult to achieve. Without considering, for the

moment complicated nlave systems, several simple solutions have been designed,

with all the more accu-racy, that the heat lengthening of complex material is very

low and that the imposed stresses are reduced. These conditions affect, of course.

the design of complex materials macl.irery.

18-A2.3 Edging

Edgii-g of a thin polyethylene film by a triplex reinforcement tape is possibh.

by applying regulation functions in heat quantity and positioning. An elastic inser-

tion of the film on the tape has to be done, with progressive decreasing of sealing

depth from the outside to the inside edge of the tape, which car. also keep a very

short unsealed portion simply stuck against the film bv effect of superficial

stresses. For this, it is enough to cool the edge on a specified width after heating

the tape at polyethylene melting temperature, before applying to the film. The

outside edge ma•:tained very hot allows eas-, cutting of the polyethylene film on

the right of the tape. Thus an edging and cutting system is achieved and by trans-

verse displacement within a program it allows us to define the polyethylene gores

cut and edged.

18-A3. INDUSTRIALIZATION

Following an agreement between the Centre National d'Etudes Spatiales and

Sodiac, the firm Zodiac-Espace was created in 1970 with the mission to build

rapidly a plant specialized in balloon manufacturing, near the Spatial Center of

Toulous•' where the Balloon Systems and Projects Department is locatcd.
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This factory now comprises essentially: (1) a 2200-square meter central

building for tetroon and superpressure balloon manufacturing, for materials sup-

plyi and controls service, and for research - prototypes service, (2) a workshop,

10 meters wide and 150 meters long for gores stratosphe-i, balloons manufactur-

ing, and (3) a 1500-square meter building for materials and balloon storage, a

workshop for the prototypes adjustment and maintenance of prcriducion machines.

All these buildings are air conditioned, with dust extraction accordini. to industrial

stancdards, and lighting is particularly well designee.

Three departments were established. The responsible engineers and techni-

cai staff were trained at the CNES in the Balloon Systems and Projects Depart-

ment during the year preceding completion of the building. These are (1) design

and prototype service, (2) supplying and material control service, and (3) produc-

tion service. Constant cooperation was established between the CNEF, engineers

and the Zodiac-Lspace executives. It has allowed us to set rapidly into use an

important industrial potential for balloon techniques. from now on satisfying nu-

merous practical and tneoretical problems.

The technical means available at present are

(1) Testing and material inspection laboratory

(2) Design office

(3) Nlechpnical workshop

(4) Production units for polyethylene tetroon balloons, consisting of produc-

tion units for superpressure Eole type balloons, edging machine, mechanical and

numerical programmed cutting for production of reinforced polyethylene gores or

' Wcutting complex material gores on request, continuous overlapped sealing machine,

and fixed enu mobile continuous edge-to-edge sealing machines.

Mobile machines can at present operate on a length of 150 meters along a

special bench eqv ?ped with pneumatic carriers for suspension and presentation of

the gor es to be sealed.

We also have ;pec.:.i machinery adapted to the sealing of auxiliary elements

"-nd to the finishing of balloons, and we have different equipment for conditioning

and packaging.

These equipments are provided by existing contributions in the C'NES and

mainly by common CNI>-2 )I)I-'-SI'\CIC realizations with the help of the local

industry trained for severa. years in these particular techniques. They bring

original solutions to the design and realization of clectro-.mechanical unitg.
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Abstract

This report is a short discussior, of the prelaunch activities, launch opera-
tions and flight performance of the ATMOS-i experitiiertt, flown from Asccnsion
Island on November 5, 1971 by the National Center for Atmospheric Research
and the Atmospherics Cumpany,

Carrying an Israeli made radio altimeter (Levanon, 1970) and an NCAR made
Digi-Ghost telemetry system (TWERL.FE Technical Description, 1971), the flight.net its objective of demonstr-ting the validity of the altimeter system in measur-

ing ;ariation of balloon height at the 100-millibar level.

19-1. BACKGROUND

In July 1971, the Service d'Aeronomie, CNRS (Paris, France), and the At-

mospherics Company requested the assistance of NCAR in the imple.nentation of

Preceding page blank
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the altimeter portion of the Isentropic balloon (Blamnont and Pomnmereau, 1970)

systei-. NCAP1) 'hereiore added to its TWIERLE-! flight orogram a test flight, at
the altitude range of the subsequent ls-ýnrropic ti.-st ilights, of an altimeter en-

semnble.

NCAR proposed to use a standard radio altimettir of the type being made in

Israel by the Levanon team. The altimeter would be controlled by a Digi-Ghost

payload such that it wculd have sufficient time to

make an iltitude me-aguremnent (approximiately 30

seconds) without interference from th,~ Digi-Ghiost

transmitter (no HF transmission during operationRAA
of the altimeter). The altimteter wo-ild then pass
the data to the Digi-Ghost transmitter, after which TARGET

it wc.41d be telemetered using the Morse code

letter fo.-ming icre

I ~48FI
19-2. PREI-AUNCH OPERATIONS LN

TM, rigging of the system is shown in 1 igUre

11)-i as it appears at altitiidop. Figure ',ý-2 shows
the packages on the rigging table. In ord.~r of its 48 VT CUT DOWN

attachment (from the balloon) thle equipment was MAGNEtOMETER

as follows: z
(1) a portion of aluminum foil folded intj a Z

"bow tie" to serve as a target.,'roflector for the GHOST
Ascension FPS-lfi tracking radar;

and a magnetometer cutdovk.'n device. The magnet- 20 FT
ometer assures cutdo~k- if the ballooni drifts into NLONE

teNorthern Hemisphere; the Ghost packzgge pro-
vids sn agl~ daa (call sign - fl2104 QQQ) and[-11F

provides lpower for the cutdown device;

(3) the Digi-Ghost and altimeter packages (on-

8isiting of five structures - the pyramidal solar col- RNITf
lector with power supply and transmitter, the Digi- POWE

Ghost elatotronics package, a small b-ox containing a gDIGI GHOST

fre~uencv div-ider and power cutoff circuit, the al- LALTIMZTER
timeter package, and thr afltinvwtt? antenna.

Figure 19-1. Flight
Train -ATMOS i
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a513m CC)LTO~r GHOST PACKAGE

AUENNA

Ii gorf: 19-2. ;I()S on. It igging 'iblhe

'Fhcenscin se mb~Waa flo)Wr from a Itavei 12- fo,)t ballocn ( Mviar 3.34 34 mil

.JriI~h~'1. lie wtvig!h-off sheet is dep.cted in 'igur'e 1,9-3. Notr: t it with the

totiti weipght of c cut; -wi ci p1 us rigging, of 107. grains, the planned rioa Atl~it ude

I9_1 011I AIONS

'Ihe kitllooni 11i in h wi~condiuct"ý' following the stu-n la rd N (A H dni r! launch

techinIqurf. ife onvevo r I chic: C:I rrvi rg thle hallox-1 and paivlorid Moved a long h

1`1;iin zrwv-.ththe %iid. \ii ex-trnniev sinoi,)th liftoff of the hulloon and, all

pik;g ns rsiited, :iet pif i 20- knot wi ndl and ii total flight train length of :ipprox -

uimately 150 fef t. I -iftnf, -ciirred! it 07 15 (,NYY, Novcr''e~r 5, 1!.? 1. thirouigh thini

lov, (InudI . I ,g~ir(- 11-4 tlii flight u, . of AlI Mi - st aft'::_ l;i;iricl.h

I h ie l ctt.tcr- for tin-: 1-.: oust flight wfere Hi)> transrivssion wai5

5. W- 1,f Zi..
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Balloon 'e( ',-off -00'r~b flivht

JqrF V&Flight No._ * f
ICAA Code No.!6 Lf

cap - No Ca?. Tinre of La-mc 7/
gall•:: ,'asa 7..•/3 _NOV 5 1J7"1

D. P. - " °c
?1! tLt.': S'.' :~ eI de gh-off: O.P. =

2-613

fl1ca 6/3r-as allooll zFrv s a -

Curt h s.en T - 's
kI~b. -. Sleeve _________

A%. TO7AII, ________

Rader rc'lector_________ E. Grotqsiift_________

Dallast 2-."

TOTAL ft vr:s Era-.

D , I'__:f t_/0.7_%_r;!_

1. Gross lift -
ILunal read.n~s: left 5cale .F.. g-_____

right e s -c . ei

Fivex mceasr'ns wer ad durin thjfigt

'~~ar.~~~7 ICP 2 .f177 '

%un3: /9 0

OP: 16.'
?4YVZoJM 1079'

Figure 19- 3. Weigh-Off Sheet - Flight 82105 J

Five~ measurements were made during the flight:

(C' sun angle made by the (Ghost payload and used for
po:iLioti dettr-n-inatiorn (B3,amont ct
1970)

(2) altitude Digi-Ghost Channel 41

(3) temperature of the foil Digi-Ghost Channel #2
sphere (suspended beneath)

(4) reference channel 1)igi-Ghost Channel P(3
(33K ohm resistor)

(5) internal temperature Digi-Giost Channel P4
of Digi-Ghost package

For the purposes of this report, reference will be made only to the measurement

of altitude and sun angle.
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BALLOUN

MAGNETOMETER ,-

AND CUJTDOWN -

9GHOST PACK~AGE

- - -. SOL'ARCOL1JCTOP,
FOMER SLIMtY AND
YLAWNSIT'TEU

R'D1OI-GIOST.

-AANUJMIMOIL SPNEIM

FREQUFNCY WNIDER

'ALT IMETER

ALTIMUik ANTENNA

FigiirI. 19-4. '%(ý at l~aunch

'Ihi-;aich v.~trmickt'd I~v thp 1- 1, 16 r;id~ir for 4owrnr 3 hours. ()nrcc each

seconid w eý,s~iremeie'tl, I/tia iide of /it:th, i('tiorn ;inn! rerýjc. A' sm~oother!

C.Orfl-pLtCd LiCt Of fiut;i Yvanq pIMnted V;Ich II) sltori'hi. ýI h ltlrnloter vwiried 2prx

-iatzntlY 30 ohseivVitt Imu Ii 11h1it' till. 2 h,juu perioud of ýIsecrit. I- joi these data the

flight to alhtit.ide1 ISL plotin-d Ill (-aijpoite zoi I igime It shouild hie no-tcd that

:,t r-elling, the ;itioi r in o!;i' 40) Ijictf qia lwt- Ihin the rridnr d~tt. 'I h~is

differcliero hiC~I'iuM tio (II if m'..i thl. iI-I: fArgtefct, -

t~ilchic' to thei b1,)I 1111 liv t hi'rr4 i thle 1: Ifoa ;Iiild to the :lItI kitel' WAirItei, sUH-
pf-wired ;it till- hol toui, In'! [I f tow h);Iii 11if..

A,, .(.ilinlg. til. Il 1 i-I-t- ;':t geJlwoiu itIt (Itinr'i/;itiori iflrermnent of
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ALTIMETER MEASUREMENT COMPARISON

NOTES:

SRADAR RIEFLECTOR IS 40 m HIGHER M
THAN ALTIMETER ANTENNA

*AT CEILING, ALTIh'rrER RESOLUTION 4IS 26.7 METERS17 OA A

8 J

- 4 15 •,500
T ov"Jo 0910 0920 0M3 0940 0950 1000

•- iTIME (Z)

MW0 0730 08O 003 0900 0930 S- FP;- 16 -ADAR

TIME T) ( ALTIMETER

I igure 19-5. Flight to Ceiling Altitude

19-5. ALTITUDE ANALYSIS

The altitude data have been reduced manuallv using the technique de,.eloped by

the authors. Thip technique, as explained in the data logging forms, allows altin-,-

eter observations to be rapidly translated into altltt;de without the use of any com-

puter and "id; no io;a of measurement accuracy" o, irec, ior.. It will allow real

time eva,,ition of ssvtem pe:rformance in the field, :i pa rtical.,rly valuable attri-

t • bute during the early flights of the Isentropic balloon system when cur~aldernble

altitudEr excursions are to be expected.

"!he daily altimeter data, summarized in lFigure 19-6, are found using tech-

niqueg previously discussed. 'IThe frrnis used to present the detailed dailv d.-ita

have been printed in qu;i.ntity a arm 3-e 3vailable upon request free of charge to

anyone planning to fly a DIgi - ;host, ltirneter. IP igure 19-7 shows a daY over

land (Africa); Figure 19-8 shows a typical day over waiter.
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ALT ITUDE PROFILE - ATMOS I t

6,30 -11 -1 1

EACH DAY 1S REPRESENTED BY A

N II

NOV 5 DAEO DYOC 10

Figure 19-6. Flight Altitude Profile

19-6. TRAJMTORY ANALYSIS

Tihe sun elevation data for the fl~ght wag processed in the usual manner, de-

tailed below:

(1) In-flight calibration of Bun sensor (see Figure 19-9)

(2) Hand plotting of all data

(3) Leongt ude by determinatior of time, of It.-c;l noon.

The altimeter data were also used to establish the trajectory. For each day,

the longitude was determined by solar observation, or by estimation if volai data

were inadequate or nonexistent. Latitude was then found using the altirleter ill-

formation, in the follow'rig manner. A family of curves was drawn givirng the

height of the 100-railllbar level as a function of the balljuon altitude and tempera-

turt, (asmuming the balloon is close to 100 millibars, flying at constant density,

and in an Isothermt%] rpuion), These curves have the form shown in Figure 1.9-10.

For each day, the daily 100-mlflihar meteorological clha-r-t of tht- Southern

Hemisphere are used to provide a plot of the tcrnp'ýrature and height of the 100-

mnillibar level along the lonvitlciefl-l rr:-d n. a,'ciated with balloon noon. TIhis~

allowu the plotting of curve A.
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S~~11111B 7
&ALLOON OCCUJLTS SUlt SENSOR

SUN ANGLE CALIBRATION CURVES

ATMOSPHERICS ESTIMTE

IN KBALLOON ATMOS -1I
I5 GHOST nAYLOAD 82104 Q

z NCAR ESTIMATE I

Ii

I a _ _ .

4 a 12 16 20 24 2b 32 36 40 44 48 52
CODE PERIOD (TEN LETTERS) - SECONDS

Figure 19-9. Sun Angle Calibration A

-70PC -~65oC
-7 --. 600C

'U -55cC
D-50P /

_j"- I
L ~z0o -

HEIGHT OF 100 mb LEVEL (in)

Figure 19-10. Curves Drawn from Altimeter Information

The intersect'on of curve A ,kith the true altitude of the Lalloon (mean altim-

eter- value), line B. provides the temperature and height of the lO0-millibar level.

Con-gIlting the day's lO-millibar meteorological chart yields the latitude required.
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As this method is independent of cairto rrors ofthe su-nl sensor. 0

the comparison of latitudes found this way and those foun"' ing sun angles aloneA

tý yields a high confidence trajectory. The resulting trajectory is shown in Figure

4,5,6

2

to S

M~ 12 -

35- 36 I

~ 16

Fie 21

Fiue19-11. Fia rajectory -ATMOS 1.
Numbers correspond to balloon days from

19-74. SYNOPSIS OF FLIGHT DATA

Table 19- 1 contains a synopsis of the data collected during flie flight. The

table columrns are explained below:

Balloon Dayv A count of day. night cycles as seen by the balloon.
Date The calendar date at Greenwich when the balloon

11sees' local noon.

Lat (sun) The estimated balloon latitude (in degrees) using
sun data only (from the QQQ payload).

I-at (alt) The estimated balloon latitude (ir- degrees) using
altimeter data.
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Lat (nominal) The best estimate of true balloon latitude (in
degrees) at local noon using weighted sun and
altimeter calculations or extrapolations.

Long The best estimate of true balloon longitude (in
degrees) at local noon using sun calculations or
extrapolations.

Balloon Alt Mean of altimeter readings (in meters) during the
d.Y (as shown on the detailed daily data sheets).

100 mb Temp Best estim-.te of the temperature at the 100-milli-
bar level at the geographic location of the Dalloon.
This is fo'nd by consulting the 100-rnillibar' mete-
orological charts for the day in question.

100 mb Alt (m) Same as above, but for altitude.

A Alt (m) Height of balloon (in meters) above (*) or below (-) I

the 100-millibar surface.

1Po (mb) The estimated pressure at the balloon (to the
nearest millib ir).

To confirm 'he analYsis (and to identify potential - neous data points), a

teinperature versus altitude plot of the points of Table 1C-i was performed. All

points fell close to a line of constant density near 176 gramrs per cubic meter.

The weight of the balloon prior to lnITi" had indicated nn expectod ceiling at

180 grams per cubic meter. A 2 percent stretching of the balloon volume is en-

tirely reasonable. The balloon was no lonwer flving stably on balloon days 3G and

-J, and \kas lost on day 38.

19-8. SUMMARY

The flight of ATM)S-i demonstrated:

(1 The short and. longi termn horizontat motion of a super press;re balloon;

(2) The feasibilitv of lonrg terim, in-flight operation of the Levanon altimeter

and the Digi--host coh,bination;

(3) The nnethod ol altin:eter (dta redaction and ;c-alvsiý using the indicated

form, s;

(4) The technique of traliectory analysis using the combination of altimeter:

sun angle data, ind the daily 100-m:illibar meteorological charts; and
(z) The direct applicanilitv of this technique to the 'sentropic balloon system.
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20-1I. IINTRODIX'riON

Althoulg. a cnrnp-ete ;t~idy of the cmisgion fromr the 6tars -- ross tile entire

astronomical ultra~iolet spectrur- (wavulengtlhs 912 to 3000 A?) recquires trat in-

struments ate contained in sounding rocKetS Or satt-llitUS. part of this imnportant

spectral region rrlaV he obse-rved usin~g lx1i one equipmenit. Unlike tile areas

ot -r~. ,rT~rd nfr;ired s;roi.urri0t1. in v~m~scientific balloouninp

ha3 ;il read%- miade zýr inplt progrorn icolet s~larspfctt'oso~p% fromn

balloon bortie telescopes is vo unv irn ia'riv Ti~s i!4 partlv due to the sevrere

attenuation I)% rh,- I ~a-th' s :,tmusphere of incident ultr-.iviolet radiation, since

even at thc highest hballooni Float aLtit.1ICcS, olsecr%-aýions of stellar spnectra reai~n

restricted to pcilt., Of the(, mIiddle bltraviolet 1 00o( to 1000 ~ In thi; p1 ramtic-ular

spect ral region.m atterunkat i0!i is :;ji seed byv thec ovet-I -i niz atirnosphecri c ozone. * a d

Figuire 20- ! show."s the expected o%-e .'lied :it~rkosph e tic t .i-n7,is iSson for ai fcicat

r ultitude of 40 kilometer~s.

!',cmuse of thiFr i! 'r~;r Iiaopir(t-sc'.t ir the urrý c

ty in crcplytrig thme Irecs;,rv corrte(:tiri.5. it is sievfli:t scierittifý !il'iesiriý

r ca~~~~,n he :1-)l lied I'.t l4V lvto tio.;c iil lsev in s'.i Itf ii 001
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photometric accuracy over a wide -4c

wavelength range. It is far more rp-
3k.propriate that the balloon program be '230

concentrated on studies of particular
CIEV r..~ctraI lines within the wavelength E 20

regions 1000 to 2400 and 2700 to

30001 for which the atmospheric

V transmission is greatest. The latter
0region is particularly attractive for 24-00 2600 2800 -

Jrbil~oon ulhraviolet spectroscopy. WAVELE NGTH (A*)

since it contains the astrophysically F, 1 2C- 1 Calculated Ov~erhead
L- mpo -tlins o netra an sig~v A 1,n0 -je 1£ransrnission for a Float

irno~ ~-' lnesof eutalandsinly Al'tc 4c .40 Km Bapad on Published
ionized magnesium (Mlg 1 (2850 1); Ozone Cv:--crntrations and Absorption

Mg 11 (2795; 2802 1)]. In addition, Cehk:. coel 91

soph'stiýated techniquesr in hign reso-

o n spectroscopy, wh-ich have played a significant ir)I- in ground based astron-

amry, are now being developed and applied to this region of the ultraviolet. Such

techniques should be well suited to the balloon program.

Scientific ballconing offers therefore an excellent opportunity for a program

In, uLuraviclet astronomical spectroscopy (albeit over a limited wavelength range)

which will be supplemrentary to the rocket and satellite program. Our current

and future balloon programs are coc'-erned with high resolution obscrvations of

the magnesium lfia,ý:. in solar and stellar spectra and in the intersýtellar medium.

These' programs are outlined briellY in the following sections.

20-2. moih sPE'CTRAL RESOLtIpON S'rITiMS (OF 'r~ia'
SOLAR Mg 11 LINE PROMI P.S

The resonance doubloet of Hingly ioniztJ magnesilur if; formed in tile solar

-'omosphere. Over quiet regions of the solar disk, each line profile has two

* emiss~on peaks s':parated by a central absorptton coreý- (Figure 20-2). The first

high resolutio-i (0. 03 A) rocket spectrza showed the detailed structure of theic,

lines but without angular resolution on the dis:! (Purcell et ;,], 1 1((63). "llbsequerit-

ly, the airi the more recent rocket fl~phts (AR lii ulham L~aboratory/Queen's

Ui ;dversitv; liates et al, 19071) and balloon flights (I emiai re, 1969) has been to

record profiles across the solatr dis,-k with both high spatial resolution (several

nrcsec) and sipectral resolution (<0. 04 LJ. 'lihe Belfast. (ulleum colluh~oration has

continued with a succes fuil 'balloon flight (c.-irried out in A ugusPi 1 07,1 in as;soc a -

tion with A ICHL() of a4 Iabry- I 'ro1 interferoineter 54pectrograph (resolution

0. 016 i) s;rn:Ilar in -esaign to those flown previously ;in our rocket, experiments.
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The two main objecti,,es of this flight were (a) to record additional data on

the point-to-point variation of the line profiles across the disk, and (b) to com-

pare under the saine recording conditions the data from the balloon and rocket

flights. This latter information was needed to determine whether our program in

high resolution spectroscopy might be seriously influenc,:d b-, the overlying atmo-

spheric ozone.

The data reduction has yet to be carried out in detail, but it is hoped that the

results will be used ultimately for further comparison with synthetic line profiles

derived on the basis of existinp chromospheric models for the quiet disk and for

active regionf. The comparison of the rocket and balloon data has shown that the

spectra are not influenced by the ozone (at the float altitude of 40 kilometers)

other than by the overall attenuation of the incident radistion. The recorded spec-

tra indicate that at this altitude the atmospheric transmission is about 0. 4 in

general agreement with the data shown in Figure 20-li. The effects of the severe

attenuation of the ozone were seen in spectra recorded during the latter stages of

the ascent phasc, but unfortunately it has not been possible to correlate these com-

pletely with altitude, owing to a temporary fault in the operation of the payload at
S'-;hat time.

No undue difficulties were experienced in converting the spectrograph from

rocket to balloon flivliL vplivtati•o o, in making the payload compatible with a Ball

Bros. SP-200 biaxial pointer. Careful attention, however, had to be paid to the

thermal environment of the instrument arid especially to the elimination of thermal

- gradierts in the spectrograph which could lead to a degradation of spectral perfor-

mance. To this end the spectrograph was contained in a sealed cylindrical envel-

ope in an atmosphere of dry nitrogen at a pressure of 760 Torr. Using appropri-

ate insult iw i and a suitable, choice of surface points, it was calculated that the

V= total enegy radiated by the surface would just exceed the total energy absorbed.

Ian heaters then supplied the energy balance sio that the inside tempereture wau

always under control at the float altitude 'MIcl)ov ell, 197 1). At float altitude the

desired spectrograph temperature was maintained, but convection losses during

ascent were greater than expected, and the instrument fell to a temperature of

8°C. Nonetheless, there was no resuitant defcct in instrument performance.

Figures 20-3 arid 20-4 show views of the instrument and the overall payload

sossernbly.

20-3. S ~iFi-S O(- .TLI.AR AND) IN'I .'TIFIrIA.AIt Mg IINE.S

In spite- 'A tile limited wavelerngth coverage of the balloon born, wnstrur.)ent,;.

a number of problems in aistrophvsi cs c:an benefit ilrirrivedr atelv arid very reat;il¢

All
4
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from a program in scientific hallooning. For certain late-type stars (spectral

type 0KM) the resonance lines of singly ionized calcium (Ca 11, 3934 and 3968 A~) A

have been observed In emission, and this is believed to indicate chromnospheric

activity in these stars. The width of the= Ca 11 line has heen shown to depend on

the absolute visual magnitude (the Wilson-Bappu effect), and the line intensity can

be correlated with the age of the star. In the ispectrum of the s.;n it has been very -
clearly demonstrated that the Mg 11 lines are much 'more distinct and prominent

than those of CallI. The theoreticai reasons for this are well known and have been

outlined (for example, Kondo et al, 1972). The significance is that studies of

late-type stars in the NMg 11 lines should permit an extension of obser--ations ov.er

a wider range of spectral type and luminosity than those of Call,. thus enabling

the existing correlations to be extended and interpretations to be examined in

greater deptn.

Properties of the interstellar gas may be studied through absoption in the

resonance lines of interstellar MNg I and 11 from the continuum of suit'kble early-

ty-pe stars used as background sources, Observation of these lines should yield

basic information on the interstellar gas ''cloud'' and ''intercloud'' regions. It

should also be possible to derive reliable estimates of magnesium abundanice and

from the lg :1/4Ng I ionization balance, estimiates of electron densities. This lat-

ter infnrmaition in particular is not determined uniquely from ground based studies.

Some other considerations of a program in ultraviolet astronomy, including the

role of balloons in this program, have hc-en outlined in greater detail (Wilson and

Boksenherg. 1969; D~ates and MecKeith, l'7 2).

Yor these problems someý compromise has to be made between spectral reso-

lution and observing time. A spectral resolution of <0. I I is really needed for

the line prorile Studies, and because of the low. flux levels of the obij-cts under in-

vestigatior. this imposes severe deniands on the spectr-oscopic instruml-ents and

the stabiliiation platforms e-mployed. Fuirther comments on these points Lire

given in Section 20-4.

The fir.st stellar Mlg 11 spoctra 1(resolution -0. 25 A) recorded djui-jig ialljoo),

flights were obtained in 19-71 and 'have provided soii(c interesting prelinninary

data on Mg 11 emission from several stars (Konclo et al, 1972). In A\utumnn 197-,2,

we plan to fly an instrciment with a resolution capabiiit~v of approximatclY 0. 1

for a preliminary survey of interstellar M\g 1, 11 -ibsorption litics. lihisj formis

part of a joint series of experiments ir. colluijoratiori with th! I'hvsics I)epartmnent

of UniversitY Coll ege, I o-idon , and the eq !Pntert *.11 flf)w.n on a hi -xiaI tl

itar poiin;ti ng plntfo trim de -elot ed .111d ;kl 'es;I:lI'fo . i. thiit group.

The pavlowi' ri;.r-inra~r'.~ i' .qhowt, in I ~iwirl 20-5. 1 hfc inst ruwi~ert p-i k-

ag:e (rcomprisi!-e, -r h:-' :g viaing spcr-ct-ugraph it;pilutlgi~iliiIc v1ccr-'Ii.g
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Figure 20-5. General Payload Configuration
of a High Resolution Stellar Spectrograph.
(University College, London/Queen's Univer-
sity, Belfast. ) The spectrograph is mounted
on a stabilized platform developed by the
University College Group

and a secondary fine alignment system) is pointed at the chosen object to an ac-

curacy of approximately ± I aremin in elevation and azimuth. To realize the re-

quired spectral resolution it is necessary that the stellar image be stabilized in

the direction of the grating dispersion to about ±5 arcsec. This is accomplished

by servo controlling a plane mirror which illuminates the grating and which is

operated from a star-position sensor in the f'ine alignment system. In the direc-

tion perpendiculinr to the dispersion, the image stabilization is determined I)Y the

platform pointing accuracy.
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20-4. CONSIDERATIONS OF A PROGRAM OF ULTRAVIOLET
ASTRONOMY USING BALLOON BORNE TELESCOPES

tAFor our future program and in particular for the studies of the interstellar

medium. we would hope to increase the spectral resolution of our instruments to

about 0. 01 1. This, together with the need to extend observations to f-inter ob-

jects, will require an inLreased collecting area by inaking use of moderate size

telescopes (of the order 0. 5 meter diameter).
The telescope and spectroscopic instrumentation will be contained on a stabil-

ized platform capable of arcmin pointing accuracy and a pointing noise value of

several arcsec. The Science Researcn Council has given authorization for a de-

sign study to be carried out on stabilized balloon borne platforms which will meet

U. K. experimenters' requirements for all aspects of balloon astronomy. .

Continuing developments in spectroscopic techniques will also play an impor-

tant role in the future of ultraviolet spectroscopy from balloon platforms. It is

well k,own that in ground based astronomy interference spectroscopy techniques

(especially using the Fabry-Perot interferometer) can outperform diffraction grat-

ings at high spectral ro.solving powers when used with large telescopes under mod-

erate seeing conditions (Vaughan, 1967). For the Lalloon program, the use of the

interferometer will lead to a considerable rcla-.'tion of the pointing accuracy and

stabilization requirements for the brloon platform (Bradley, 19 68). Although

there are a number of practical difficulties associated with extending -uch tech-
niques into the ultraviolet and applying them to remote operation on a balloon

borne platform, considerable gains in luminosity are pc -sible over conventional

spectroscopy for high resolution studies over , limited spectral range. Develop-

ments in this area in our own laboratory appear very promising for a future bal-

loon program (Bates et al, 1972).

With such improvements in spectroscopic techniques and with -he availability

of stabilized platforms of ar.esc pointing accuracy, then, providec the payload

cant rye rrii:irtoirned dt a float atiude- -,ell in excess of 10lklomctcr•s for scv-cral

hours, it seems likely that scientific hallooning can contribute significantly to a

program in ultraviolet astronomy during the next few years.
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21. A Control and In~trume'ltation System with Fine

Optical Align~ment for a Balloon Borne -
Ultraviolet Spectrograph

S.W. Ackland and j.G. Firth
Scianca Rassarch Council

Astrophysics Ressarch Unit
bndoCuihamn Laboratory
AhndoBrluhira, England

K- 21-1. INTRODUCTION

For a numbe- of years there has been active collabora~tion between t~hk Phys-

ics Department of Queen's University College, Belfast and the Science Research'

Council's Astrophysics Research Unit at Cuiharn, both in the United Kingdom, in .
th( design, construction and commissio~iing of sounding rocket payloads to study

the solar M-g?! res~onanne. lines near 2800L (Bates et al.. 1969; 1971). These pay-

loads have been flown. in the attitude controlled heads of British Skylark soundidrg

rockets. These attitude control units point the whole payload at the sun to within

a few minutes of arc (Cope, 1964). However, the scientific requirem?nts were

such that the sun's image must be positioned at the entrance alit of the spectro-

graph to within a few seconds of arc. This fine pointing was achieved by using a4

mechanism developed by the Astrophys~cs Research Unit (ARU) as part of its own

research programme (Black and Shenton. 1965).

A proposal in 1969 to fly a simi'ar experiment suspended from a balloon

developed into an internaticnal collaborati'.e effort betweer the United States and

the United Kingdom. AF-C RI. provided, in addition to their owk experimental
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package, the use of the )aunch and preparation facilities mt lJolloman Air Force

base, together with all the peripheral requirements f..r suc• a flight - telemetry,

radio command, batteries, helium and so forth, and in particular the use of the

Ball Brothers biaxial solar pointer. queen's Univer.3idty % as to provide the hal-

loon and the ultraviolet spectrometer with its outer holsing and mountings, while

the ARU was again invited to produce the fine solar pointing system to supplement

the 2-arc minute capability of the main solar pointes (Greeb, 1965) together with

the associated payload electronics package.

This paper presents some of the requirements and describes some of the
S~facilities for which ARU' was responsibltý.

21-2. OPTIC-AL ALIGNMENT SYSTEM

The fine pointing mechanism (her-a~ter called the servo) consists basically of

a small imaging mirror mounted on a movable platform directing the sun's image

onto a split field error sensor whose outputs, suitably processed and amplified,

energize the platform drive motors to maintain the required position. -Mounted or.

the same platform is the main imaging component of the spectrograph which thus

maintains the solar image at its correct location on the instrument entrance slit.

Figures 21-1 and 21-2 show the i-strument layout as mounted on the B-ll
Brothcrs pointer and indicate the locations of the major servo components.

The main imaging element is a concave mirror coated for optimum reflectivity

at about 2800 X and fitted with an aperture or stop disc to reduce the reflected

image to the required intensity. The mirror platform is arranged to tilt about

two mutually perpendicular axes over angles greater than the specified pointing

error of the solar pointer. Ideally. the image error detector should be placed at

the instrument entrance slit, but for various reasons, both optical and mechanical,

this is not possible, and a compromise solution has been adopted with the unit

mounled on a mechanically stiff bracket in the vicinit\ of trie iliage beann folding

mirror.

A target eve is used to activate the servo system only when the relativel,

V coarse pointing of the main solar pointer has brought the payload to within about

"1 degreo of the sun.

A simplified block diagram of the servo ;s sho.-wi in Figure 21-3 and a mech-

anical layout drawing in Figure 21-4. Ideally, the two axes about which the nir-

ror ptatform rotates should pass through the poles of both mirrors to avoid lateral

image movement due to relative movement of the poles. This is clearly not pos-

sible with botn mirrors mounted on common platform. The pivot points have

therefore beer, arranged to introduce the Least error in the axis which noves the

solar image across the instrument enrrance slit.

theefoe ben rragedto ntrduc th es erri tea~ ;hc - oe h
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Target eye (bthind)

B/Soom folding mirrar

.- Error deteetor
Boll Brothers bioxial
pointer a S P 200

instrument "itronce St B'im tdtng mirror
slit

stron ringError detector

I ------- J.JV stnsor

Main Image coflectinq
mirror

Auxiliary mirror

rtrvo mtchanism

Servo' electronics
-Telemietry electronics

Electronics r

Figure 21-1. Instrument Layout.
View 1

lae girws mtchanism

•ans whrore rspetale arxestr ____rc - __

I .~ Electronics

from the rear face of the plat- susenson__es _ngla om ofote
form passes through the servo

mouriveng bywopase and0is g mFigure 21-2. Instrument Layout, View 2
loaded against two cylindrical

c-ams whose respective axes are

in the z~rae planes as the platform suspension axes. Angular movement of the

arm in one axib by rotation of its associated cam causes the arm to slide along

the other cam without angular movemnent in the other axes. The camshafts are

driven by two-phase 400-Hz motors through precision gears. Particular atten-

tion has beer, paid to free running and elimination of gear backlash. Preloaded

angular contact precision ball bearings are used for the enmshaft bearings and

for the platform pi,-ots. The overall reduction frorn the camshaft to the motor is

10, 000:1, so that the system inertia is controlled by the friction of the mrtor and

the initial trains of 'he -eduction gear. Angular displacemenit ac pickoffs are

attached to the camshafts to sense the camshaft, and hence the platform. posi-

tionS. i eI : die t: 5U &I1gtd thL U l C"f "-C pický-cdf thc

mechanical zero position of the mirror platform.
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In its quiescent state the mirror platform is held electrically in this position

by driving to the zerci outputs of the pickoffs. The target eve detects when the

payload is aligned with thle sun within the working ratnge of the servo syst-ni and

o perates the gignial switches, releasing the mirror platform from the control of

th4- cam angle piokof's and allowing the servo to centre the solar image on the

error detector. The signals from the error detector are passed through dc am- 7

plifiers, the outputs of which are mnodulated at 400JUz, then through the signal

switches to the power amplifiers an~d the twxo-phase mirror platform motors.

A sectional drawing of the target eye is showýn in Figure 21-5. A simple

leI produces a solar image at the focal plane where a square aperture is placed.

TIhis is sizecl to produce :i field of view

of about 2 degrees. A silicon photo
Voltaic cell fitted with a red glass

filter is positioned behind the aper-

ture. The combination of photo coil

response (peakinV at alrout 8.9001

and thte red glas-i pass hand (7,000

to ICOC b~ maintains a more constant

ai'~rrrtpoacfrom grcruinc level to

uppeýr atrnosr'v-re anrd reduces, the Slrcl

otlc iwi; iscSijynificaint effects of aitroo

percscattering, particularl' be-
low 50O001

'File split field error detector

cor:-si sts of fo:;r miat chedl t na ngi~r~l

Silicon photo volta ic ccfllý .eaCt cov-

ered %itit a red gl;4ss filter Hýchott Vigure 21 -5. Target Ehve
W((;()) ý-nd &,-ed in ;a sýqirre a rr;iy

giving ;j field )f vi cv. of ;dbo~it 4 deg rees.

l~i:gor Opp;osJirite aisof. cells are conrnected in parallel opposition, per-

muittinig resolution (-f iorrorai into two conipor.-ntsý v.1thot the use of auxiliary

circuits-, hlt ou~v cavpr the .':,ntr-;l portion of the field. The outr-r part of the
fir-ld ic. i;scd Ah oolv flriig 'qa tc' hen imlreoscontrol in both axes is

riot r e-rjored. 'I i[ er ror (letecwtor aind d-'rived signils o re swndiag ramnati callyý

,r, l'igirr 21 -G. 1 hf- detertor (-nrsitivitv is about 2) nroillimnnperes per degree

;ind iL4 wlp. +,iihle byv %-arvi rig thre ap tiiOf tlie oIIILging Tiho. be c-ornpl etc

'-r Iro daotu -L~ll l,kifld r igidl% in :, _kko-:ixis :tdius';.ble nio-ouri Ard~-cent

to thtc [ir,;t Ii::ctt foldrrgiranj n
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Five telemetry status outprut

signals are provided. The azimuth rol

arnd elevation dc error signals are
[Coll 0 Cell B

a-mplified to produce calibrated out- 4- Vericle@

puts of 1 volt per 10 arc seconds.

The ac pickoff signals indicating

mirror platform angular displace-
I Horizontal

menit are demodulated and amplified axi

to produce calibrated outputs of I

volt per 10 arc minutes. Target

eye illumination 'Is indicated by a bi- Misalignment Output

level signal changing from a T'lI. bu ozotlci

log"(icl 0 to logical 1.
About vertical axis A-C

21-31. TIMING; ANDJ CONTROL. S)YSTEMI Figure 2 1-6. 1E',ror Detector

The ruiedjimi used for recording the spvctra produced b~y the spectrograph is

16 millimeter photographic film contained inr an. electrically driven cassette. The

length of time these spectra are allow.ed to fall on the film emulsion is controlled

by the opening and Closing Of an1 eeCOtrically operated shutter. :Another drivurn

Mechanism %vithin the instrurr~ert is it scanning Fahry Perot Interferometer mount.

This rotates in 15 discrete steps each of 16 arc seconds over a total range of

only 4 arc minutes. As each spectrum is photogriaphed, another 16 rnillimecer

camera records the actual solar imrage Position relative to ,I tixed gratiruice.

A timing an~d control systern is provided to control these four devices over a

very wride ranige of expos-,re times and in anv ore, of five operational nc-des. It

is des gned for operation by three ground initia-ted signals transmnitted over the

AlCh I. radio conmmand link. leehacoertn ~ds provided -,re Mpn,!nI

control,u0' rii S r~tan nng. a rd aLuto!- .r:ti c rons canning (or -stit i cl. A I edox

sequencu sv;.'tch is uszed to select the reqli rrd mode, aii-d tuis is indexed bY ain

output fromr the first of tht_ radio commands. 't he F:ix positions_ý of thec sw~itch and

the modes s'lpct e' ;wre s kown in Ifahle 21 -.

I'o -uiiech, of fhe six sv.'.itch po.-itions there 'ire two -states controlled bv the

second atrid third iiiI;tio 1 ornmawls lespectix clv. ( olnnwiin' wirauber t,.o initiates;-

the -Start" or -(hl. sigil1, whilc comrnand thr-e iprodiicS , "'ton' or ()ffl'

',igrial. Tibis, in thf- tRcset r;mode a>!c -(nin 4ignitl (oriner'ts the- electricalI

sinnix-c. to tue! ufin. d ia ".,pW roi,..1dvl sw itch itnff

l,.or;ic- of !'e( tetair r(ld t a i oii; n''i't.- ! p~t_-rifwwilIii to ei,tihlv oue of i>-

t-rqiipur;0ijnr2 e 5(iors to hir rrei:0oreJ a!t all timies).
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Table 21-1. Sequence Switch Positions -

Switch
Position Mode Selected

0 Reset

1 Manual

2 Exposure Range 1 FP Scanning I
3 Exposure Range 2 FP Scanning _

4 Exposure Range 1 FP Static

5 Exposure Range 2 FP Static

The manual mode provides the ground controller with means of opening and

closing the instrument shutter as required by means cf the two commands. Each

time the shutter closes, the instrument and monitor cameras operate and advance

the films by one frame each, thus preparing the spectrograph for its next expo-

sure and recording the image position.

In each of the remaining modes, four presettable automatically controlled ex-

p'sure times a.re available. in switch positions 2 and 4 the times arc as preact

(Range 1), while in positions 3 and . the Range I times are multiplied by a fac-

tor chosen between 2 and 10 (flange 2).

In the scanning automatic modes (sequence switch positions 2 or 3) 15 equal A

exposures are made, one at each step of the Fabry Perot cell. After the 15th ex-

posure a blank frame is inserted on the film, and the system then waits for the

next command to be received. If the next command is "-,tart" a further 15 frames

will be made at the next selected exposure time, and so on.

In the static or nonscanning automatic modes (Switch positions 4 or 5) the

four selected exposures are made in turn and repeated until either the sequence

switch is operated or until a "Stop' command is received.

Whenever a "Stop" command has been received, the exposure then in progress

will be completed, the films advanced in both the cameras and the sequence thea

"held" awaiting the next instruction. If the next command is a "'Start" the cycle

will recommence from the "hold" position.

As previously mentioned, four different exposure .tmes are available in

Hange 1, with those values multiplied bly a preselected factor of between two and

ten in Range 2. A wide range of po.sible time values has been provided t') cater

for all fore.seablc needs. I:nlch exposure in Rang. I is independently presettable

from 0. i to ,9. !) second( in 0, I -second steps, or frori 1. G to 99 seconds in

I-.iecund steps. Therefore, in HRnge 2, dependent upon the multiplying factor

cnosern, exposure times Lp to i!w seconrin are p35l50w.
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38The actual values, in seconds, chosen for thspriulrfih wer'e

Range 1 0.3 i. 0 3.0 9.0

Range2 0. 3.0 9. 0 27.4
(Mult, Factor X< 3)

A simplified block dialsrarn of the timing control system is shown in Figure

21-7.

C-Fbpl ft 1Fb~ eo
rive ri S

Command 1 I Siq uence Exposure Spictrolgrop Fp.',9--Ph

Command 2 (stort/on! _____

M nitor Monitor
comera camera

Commsand 3 (Stop/of I r atro Oto'r

Figure 21-7. Triming and Control System Block Diagram

The timing clock is a 911licon-cont rolled switch relaxation oscillator running

at a frequency of 100 Hi7. TFhi!- is divided by 10, and the resultant 10-Hz square

Z7 wkv ir, used to drive the iimira -rV-LJtR.4

The exposure titne selcctor conu.iists of a simple patching svs'terxi built a2 an

integral part of the tinier unit printed circuit board. An -impression of the schemne

is shown in Figure 21-8. Small screws with critikle waqhers uinder their heads

are inserted through holes in the board and make contact with copp~er strips on the

board face and small brass nuts soldered to inaividual pwds ax% the reur. sir-nI-

lar arrangement is used to select the iWnge 2 multiplving factor. With sCr e ws

inserted as illustrated, the chosen exposuire, vajues, in s'eronils, would he

l!xp I I 'XP 2

Wangc 1 6. 4 2 5

Flang~e 2 25i.6 100

- ~-..--- -~ -.--_ _
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S.-I
Range I 6.4S 25S
Range Z 25"5S 005

0 0 0 ('(l0 0 Xio
0 0 1n 0 a X9 0

7 n. oi ' 0 X$

50 0 0 04• o -, 0 X5 •

2 0 O , I I 1 o X3140 0 0 0 0 X2M

0 • 0 o

Range 2

'1-9.9 '-99 .1-9.9 !-99

Exposure number

Figure 21-8. Lxposure Time Selector

The exposure time selector circuit produces two pulses -- one at the corn-

mencement of the exposure period and the other at its end. rhese pulses pass to

the shutter control circuit and open and clcse the shutter respectively. The

shutter itself is operated by a 15-degree hi-directional stepper motor. When the

shutter has returned to its closed position, circuits are completed to energize the

instrument camera drive motor ad'ancing the film by one frame and to energize

the monitor camera recording the image position.

In the automatic scan modes, arrangements are made to advance the instru-

Sment films without operating the shutter after the 15th 5'-p of the F a bry Perot

mechanism, thus inserting a blank frame to assist in subtequ.rit exposure iden-

tification.

Control of the various modes of ope.raion is perform-ed h, the exposure mode

control circuit. Dependent upon the position of the sequence Switch ,nd the re-

ceipt of startiatop commands, it produces approprirte enable and inhibit signals

to control the various instrument functions.

ieven status t.igrals, in linary form, are produced to enable the equipment

to be checked before launch aid also to monitor its perfou mance during the flight

via the telemetry link. They are

(1) Sequence switch position

(2) Sequencer state (IT'hi indicates the function actually being perfol n-ed 1y

the timer. Ior example, the Ledex switch may have been stepped to t~i "lHese'

position Ahile a long exposure 'a; taking place in the "Automnatic Non-sc:.nrming

JHange 2' mode. The sfatus information would therefore be
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Sequence Switch Position "0" indicated 3
Sequencer State "5" indicated

At the completion of the exposure the indications would change to "'" and "0"

respectively. I

(3) Exposure number (This shows the exposure number of either the expo-

sure taking place or the next exposure.)

(4) Fabry Perot (This indicates from 0-15 in binary for'n-4 bits-the cell

position.

(5, 6 and 7). Shutter position, spectrograph camera d-'iving and l'abrv PCrot

driving (These are bilevel signals, and their titles are self explanatory. I

21-4. STATUS INFORMATION I
The telemetry system adopted by AFCRL for use on this flight meets IHIG

standards as defined in IHIG document 106-SO and its subsequent amendments.
Three subcarrier bands - 13, 15 and 16 - were made available for use by

AHU and Queen's University. Time division multiplexing is used on all three

bands. Bands 15 Pnd 16 handle analogue information, and the outputs meet

IRiC; /PAM specifications:

Band 15 10 frames/second 18 samples,' frame

Band 16 10 frames/second 30 sampleslframe

Both bands are suitable for auto decommutation if the need arises. Band 13

carries digital information and is multiplexed at 10 frames per second with 30

bits of information within each frame. This format is not compatible with stan-

dare IHIG decomrnutating systems but is used in conjunction with the payload

checkout unit to display information both during ground checkout and during flight.

Thc form of the analogue m_,ltip.Pxi"r oitpuits is qhnwn in Figure 21-9. Your

samples or segments in each frame are taken up hy frame sync zero (()V) and

full scale (+5. 0 V) calibrations. Thus 14 segments and 26 segments ire available

Sfor data on bands 15 and 16, respectively.

The digital multiplexer output waveform h is three leveis:

+ a. 0V z logical I

+ 2.5V ý logical 0

"<0.4 V ý bit sync.
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-I25VData stqnents

;r 0m4 synce~

5OVcuI

Figure 21-9. Analogue -Multiplexer Output Waveform

A

six 5-bit words, the last bit in each word alwvays being a logical 0. The first

d d c b a d c b

LogicalI I+SOV

bit sync -. 0*4Y d

Word sync logical '0'-- -

F~iguire 2 1-10. D)igital 'iNltiplexer Output Waveform

word alwavs contains fou;- logical Is to form, the framec s -. c signal, Ini thle re-

maining five data words, four consecutive Is are forbidden. A bit sync signal

(<0. 4 \*) is inserted after everv 1. or 0 level.

A simplified block diagram is shown in Figure 21-1 1. Trhe master clock runs

at 1. Hi kliz and is divided 1,,, 6 to pro-.ide ;i '0-lIfz squarewave to drive the band

13 (digital) and ha;rjd !6 (raoulniultiplexcri. Division by 10 produces 180 1i-

to drive the hand 1 5 (anailogue) u)tp1 IXC r.

TIhe 30O-117 signal 1S COUnted hv the -30 state couniter' iarid provides, at every

fifth couint, an output to thle xord sync genierator produicing :ýlogical 0 at the, rniul-

tiplexer register, outpllt for word svnchro-iisation.
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Digital data 2by
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firt fiver 3e0eth conrte framne sync (genmerator, leoad (an updte scaeto (5. 0t

caibraotion 2 ipaand ltel ultraviole enout L it regnister. Eac word r aistransemitent

aret signircanutad ini fivet gwotp each oft haingte sigmntificancae uedM i'forbltra

vi) ole beu 100mpatilenwth fulhae multraiolete forlux n t0 re ndern furth e ra Ico nve r-

sion, in the r nrounu eqnuipment u T-eceer ar. dtctrs%.is
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Table 21-2. Digital Input Data

W,1rd Bit
No. Ident Input

2 d d MS
c Sequence Switch Position
b LSB
a Shutter (Bilevel)

3 d MSB
c Sequencer State

b LSB
a Camera Motor (Bilevel)

d MSB)
cb Exposure numberb LSB

a MSE

5d

5 Fabry Perot oosition
b (BCD)
a LSB

6 d FP Drive Motor (Bilevel)
c Heater
b Target Eve
a Logical 0

In a similar manner the 1. 8-kHL clock output is divided by 10 and fed as a

180-H7 square wave to the 18 state counter, outputs from which drive the band 15

channel sync generator and commutator drive circuits which with the analogue

switches produce an 18 segment frame at 10 frames a second. Additional feeds

drive the subcommutator 3witch to subcommutate four housekeeping analogue in-

puts from the ultraviolet sensor unit to a single segment of the band 15 multi-

plexer.

The analogue switches consist of VET gates (one for eacr. data channel) with

their outputs in pnrallel. An operational amplifier, connected as a unity gain

voltage fol.lower, passes the multiplexed outputs to their respective IRIG modu-

lators. The drivr circuits are so arranged that only one switch or gate may 1-e

closed at anry given time.

An in flight vc itage calibration source consisting of an integrated circuit

.'oltage regulator (I NA 305) provides a stable, accurate 5. 0-volt supply.

behind a transmisuion filter centred on 2300 1. with a pass band of 80 1. The sen-

sor proi-ideL a measure of the transmission through the atmosphere of the solar
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radiation at this wavelength and gives a percentage transmission readout on the -

real time telemetry display. -

Temperature sensors are located at three points within the package. One is

near the I abrv Perot unit and is displayable in real time. The others are located -

one at the front and one at the rear of the package. The outputs are calibrated 1
and adjusted to produce 0 telemetry volts at -40' C and +5.0 telemetry volts ;t

+60o C.

21-5. GROUND EQUIPMENW"

The success of this mission depends to a considerable extent on the ability of I

the ground based observer to control by the use of radio comm-rands the various

functions within the experimental package. To enable hirr: t o decide on the actions

to take he needs to be provided, in real time, with certain data from the instrument.

Of particular interest is an indication of the received level of solar radiation as

measured by the ultraviolet sensor. This value is the main determinant in decid-

ing, for example, which exposure value should be used and in which mode the in-

strument should be operated. %

." display. nit .vas designcd 'which x"c'lud accept the deroeul,, .. "-ti c! tered

band 13 and band 16 signals from the telemetry receiving station, decommutate

them and present the contained inforr.ratoion in an easily assimilated visible form.

iD)ring preflight check a 28-volt power source to power the experiment needs

to be provded with suitable switching and monitoring arrangements, this in addi-

tion to the facility of monitoring the telemetered information. It therefore seemed -

reasonable to combine all the functions in one package. The resulitant test unit is

shown in I.igure 21-12. (It should be noted that no provision has been made to

display tihe data contained in ban:l 15. This is checked before flight ox er the

telemetry link. The band contains only the digital data in band 13, which is dis-

played, and such hoUsekeeping informa'ion to be of diagnostic interest in the event

of a failure.
'he five rio'iug voil panel rrieters present the following, band 16 data:

1W In flij i t calibration v'oltage

(2) t-ltraviolet sensor 100 percent full scAle

V2t Ultraviolet sensor expanded scale

t4; I i'A)r-; Feroi temperature

(5l liltraviolet sensor ETIT.

The riirn-errcal re-idout tubes on0 the right ha nd ;Idp (:tiipl!. so':0e of thie band

13 digital inform.ation:



(2) 1_xposure iin-n.he r

(31 Sequence si-. itch rstg

liklowx the ;uU l h isplat f'.ve p~i- of nAlicutor l ý'U (ne for o n

one tot rOFF) nýatet' or' to-e re~nokifing 1513 IAhlete.,l signalsk

(i I>)iahtter (closed operil

(2 ) Carmera drtveC (static; running)F

(3) 1. 1 dfive (stati rnnuj

U4) 'target eve(WI )

(3) jiester ý((( i' A) .

'.ji;il iŽ:tnsal'.:t r:a 1t3 cai~rý:ni[At 'z l to uC s i,1'.- IteF..: nr In~ p re!(g t

che~~~~~~~i cksI htI ! i-F 0Cw:~l



346 -

Test circuits simulating telemetry signals are incorporated in the unit, so

tha.t on the operation of the test button a predetermined display can be set up on

the various indicators checking the correct operaticn of the unit. This self check

facilitv 's available both preflight and during the bailoon flight.

A simplified block diagram of the data display portion of the unit is shown in

Figure 21-'.3. Alternative input jacks are available on each band. The normal

data outpu. of the experiment multiplexers is in the range of 0 to +5. 0 volts, and

the test unit will accept these signals without further processing. However, the

outputs available from the telemetry ground station were tyPic ally in the range

-2. 5 volts to +2. 5 volts for similar data inputs. A dc level shifting circuit is

therefore used during flight to make the incoming telemetry signals compatible

with the test unit demultiplexer circuits.
• ~The band 13 signal passes through its input bui'fer amplifier to the level

detectnr and peak voltage detector. The level detector, set to trigger at -0. T

volts, detects the negative 1. 25 volt channel s, chronising pulses and locks the

1. 2-kilz clock. This in turn drives the channel cycle generator ane the sample

and hold selector. The channel cycle generator controls the functio; ing of the

peak detector and the sample and hold circuits, while the sample an( hold

M selector determines the order in which the gates are operated. The de-multiplexed A

outputs from hand 1. with the exception of the servo error signals, are dis-

played on the five panel meters.. The servo error signals are shifted by 2. 5

volts and displayed on an X-Y cathode ray oscilloscope. The ultraviolet sensor

100 percent full scale and expanded scale outputs are also available at the front

panel for connection to an external recording device.

The band 13 signal also is buffered and then is applied to the two level de-

tectors. T.evel detector 2 detects each excursion from 0 to 2. 5 volts at the

start of each information bit and sýYnchronizes the 300-1iz clock generator. ].evei

detector 1 presets the input stage uf th,. iift , l ii' at the e d of each oi3 .cil 1

bit. -1he inforination iz shifted into the re .istc'. at the clo 1.-equcncY. V, nen thf- -4

frame sync signal (4 logical Is) appears in the ast four stages cf tae shift regis-

ter, the frame detector updates the displayed information on the various display

devices.

'1-b -. 1W.sI-!,'IS

The experiment ".%as flo,.,.n on 2 \,gost '7 1, ljvaln ed it 0730 frarr. a r.:nv'av

-,t l ol o cr Air ! orce 'lise. Tlhe float ire g-ht of 113, 000 feet W,', rea ched! after

3-i,'2 hours .nd rerained at that height for I houir ,her a doot rolleel 3 e.rent

lasting 2 hours to 1 13, 000 feet %vas n in iwted. ('itdO"t thenr to -K phacl., :und "i e

gondola landed ahouit I hour 1;lier att 16. 30 hor-ar.i.



347

09-

4L jaI

ow. 
.

in

a. f

ItI
0 dd-b

~a ~ 4 g!2



348

The camera. film and spectrograph were recovered satisfactorily, moderate

damage having been suffered by the outer instrument housing, this resulting from

the elevation arm on the biaxial pointer having sheared on impact.

IPhiring ascent when the balloon i~pivi rate was high, fictitious start signals

caused false exposure sequences. We were unable to investigate the cause after

recov.-ry i'ie to the damage to the cqiipmrent on landing. We suspect that an in-

termitteri -ower supply lead rsa:. n. i - been 0 - trouble. P'romnpt action through

the ra lic co -mani: systcm ::Lon re tu_ +;ie & . em tc normal. Apart from this

difficul -1, th e timing, control and telemetry arrangements work'~d well, and A 1
at no time wa." difficulty experienced with the radio command systemn.4

The biaxial pointer and our servo had both acquired the sun before release

of thie balloon, and apart fror., a few seconds during the launch huoh Sy~stemns re-

mained locked on to the sun f-*'r the whole flight. Analysis of the image camera
V ~film records indicate fthat at float altitude there was slight drift in both axes over

a period of about 2 hours. A mean drift of 4 arc seconds in the horizontal axis

and 2 arc seconds in th-e vertical axis was recorded. The peak-to-peak noise

excursions were 12 ar d 8 arc seconds for the horizontal and vertical axes, re-

specýtively. A
A total 240 film exooisures were made on the spectrograph recording camera.

about 50 of these occurring during the malfunr~tion period.

The spectrail data reduction fromn the flight has Yet to he completed, hut pre-

liminly-v studies indicate that the majorit.% of the scientific aims of the experiment

were achieved (Rates, '%Il-'owell aind \lr~eith, 1971). i
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22- 1. INTRODUCTION

NI, irement of the spectral atmo.,pheric emission in the 8- to 13-micro-

meter wavelength range i~s of internt-c to dete .-ine the magnitude of the hnick-

ground for stellar observations and to jetermiii- the time or spatial variations in

gaC-u.1 or aerosol compositicns. lie-ca-use of absorp,,.on and scattering Irv lower

atmosphere water vapor and carbon dioxide, measurements ofý the upj-.er atnom-

sphere are severely restricted and limited to special viewing cor.6itions from the

ground and from mountain-altitude drY sites.

The use of aircraft, balloons, or rockets can overcome at least 85 percent

of the water' vapor absorption and reduces the problptns associated with condenv~a-

tion on cold optical comyporietits. %kith presently availzi~le cooled germaniumn

bolorneters (I.ow, 1961) or doped germaniuin. photoconductive detectors ((;!ren

Lind Sklensk, , 197,0), the svstem performancne ciri be impr'ovedl significan'tly li

cooling the enrtire detector field of view (see I igure 22-.)). ( rvoleni call,. cooled

infrared instruments have flowvn on balloons (Murcrav et Lil. 19f69; Jennings anr'

~ 97it~c1an,! (ra.n '97c'a '... al,-

Preceding page blank
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using liquid cryogens. but the system described in this paper is believed to be the

first instrument flown which uses a solid cryogen.
'A The solid cryogen cooled optical system is of unique double focus design to

provide a large total field of view (8 degrees) with high out-of-field energy rejec-

tion and an optical resolution that approaches the diffraction limit for a 12.7-

centimeter aperture. A four-detector ltg:Ge array with eight spectral filters

provides spectral coverage from 8 to 13 micrometers. A

The purpose of this paper is to describe the instrument, calibration, and per-

formince during three balloon flights. The radiometer was designed and fabricated

by the Lockheed Palo Alto Research Laboratory. Calibration was performed at

Palo Alto and at the Arnold Engineering Development Center by a team of AIWRI,

and I,MSC personnel.

22-2. RADIOMETER DESI(;N

'1" 2.1 (;eneral Description

The electronic, optical, and cooling systems are designed to stand the pre-

L launch handling of the gondola, remote operation for balloon flights up to 9 fours,

and the shock and unattended snardown on landing. A variation in background

emission of about five orders of magitude is accommodated by a logarithmic am-

V l.lifier and neutral density filters. Twenty-eight Vdc power is provided by nickel-

silver batter.es. The system design includes a liquid nitrogen (LN 2 ) cooled oc-

L culting shade ,ocated forward of the optical train. The shade and first optical

element are covered by a motorized movable cover to protect the optical system

from condensation at low altitudes and as a temperature calibration source during

flight. The optical train and detectors are coriductivelv and radiatively cooled by

r solid neon formed in a toroidal tank attached to the aluminurn optical barrel. The

entire optical a.ssembly and neon tank are enclos.d in an IN 2 jacketed double

evacuated Dewar.

A frost-free optical system is assured during flight by purging the optical

volume with the neon vent gas and mixing the ;,eon gas and v'arin nitrogen gas at

the shade aperture before expulsio- to the ambient environment. A separate I.N 2

tank, a heat exchanger. and ;, hot water tacnk are carried aloft with the balloon to

supply the warm nitrogen gas.

The radiometer and )ewar assemnblnu are mounted on a ginmbal svstemT oper-

ated as part of the gondola equipment to remotely control the viewing angle at

90 degrees (verticall; .45, 10, 15, 10, 5, ;ind 0 degrees (horizontal): or -5 degrees.

'IliT e main connpo-,enr•.s of tie radioneter sYstein are show'n in ligure 22-1.
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22-2.2 Optical System A

The on-axis double-focusing optical design' is conceptually similar to the

solar coronagraph but does not use an occulting disk. By. using a cooled shade, 7i

baffling forward of the optics, and a cooled mask aperture at the first focal plane,

the out-of-field energy rejection was measured to reach 108 for radiation more

Z: than 1/2 degree out of the field-of-view.

The optical sstem, shown schematically in Figure 22-2, consists of a I

12. 7-centimeter diameter, 25. "-centimeter focal length germanium collecting

lens with one aspheric surface. A three-element array of transfer optics with

tat magnification consists of one TI- 1173 and two germanium glass lenses.

Optical resolution measurements made with the system cold indicated that the

optical system is within a factor of two of the diffraction limit at 10 micrometers.

All optical elements are antireflection coated to provide maximum transmission

in the 8- to 13-micrometer range.

1Eight multiiayer interference filters deposited on germanium substrates are A

used to vary the spectral handpass arid bandwidth. The center wavelength, X *

c
and spectral bandpass are listed in Table ?2-1. Of the eight neutral density fil-

ter positions available, filters with an average transmission of 1.0, 0.2, and

0. 02 percent are used. The additional positions are either blanked off or com-

pletely open. The filters are positioned with 16 in. -lb starting torque gear- A

reduced dc motors, a Geneva drive mechanism, and a carn activated microswitch.

Each complete turn of the gear head shaft rotates the eight-position mechanism

such that the filter rotates 118 of a turn. An eight-position switch with resistors

is simultaneously rotated Ii8 of a turn to provide a 0- to 5-Vdc monitor voltage.

Special bearings lubricated with a graphite-!'rec MoS 2 lubricant, abnormally large

bushing clearances, and in-house fabricated NbSe 3 motor brushes were used to

facilitate operation of the motors at 22°K.

"i hc intcrior of the aluni•.. nu shade is serrated ,id ublack anudized to mini-

mize off-axis scattered radiation. The shade is cooled to about BO'K by con-

ducting straps attthed to the f.N 2 guard D~ewar, Thermal isolation from the -3

colder optical system and the warmer IDewar cover is obtained with fiberglass

transition adapters.

A conical radiation cone is located in front of the first focal plane and used to

support a field stop mask with aperture dimensions of 1.22 millimeters wide by

4, 75 millimeters long. Roth components are black anodized to reduce srattered

radiation retle,-ted back from the chopper.

l'erfmr:ne'd hV ( )ntic;tl irUntt' nt Ts ( 'orn. . lti;pn;a :!r'i.", C
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Table 22-1. Wavelength and Transmission
Characteristirs of the Spectral and Neutral
Density Filters

Spectral Filters
Center Wavelength (urn) AX (4m)

12.03 0.0710. 77 0. 1o A
10.66 0.26
11.99 0. 29
11.32 0.74
9.75 1.59

11.62 2. 17
10.56 4.75

Neutral Density Filters
(Percent Transmission) -

1.0
0.2
0.02

Po!'ition for 100% and 0K

22-2.3 Detection and Hle' tronic S'.tem

Optical chopping is accomplished with a vibrating reed chopper located just

aft of the field stop. The nominal 200-H1z chopping frequency is controlled by an

electronic oscillator located in the electronic chassis. A pickup coil mounted ad-

jacent to the driver coil is used to provide the synchronous signal to the sync gen-

erators for each detector amplifier. A 0- to 5-Vdc status voltage is transmitted

during flight to monitor the chopper performance.

T:ie four lig:Ge doped detectors are mounted in a linear array on a copper

heat --ink attached to an aluminum .nd plate at the aft end uf the optc----I barrel.

Two detectors have an effective solid angle field of view of 1.45 X 10"6 steradians

ard the other two 4. 39 X 10-6 steradians. The spectral response of photoconduc-

tive 1lg:Ge extends from 2 to 14, 2 micrometers with a peak relative response at

about !2. 5 micrometers. The load resistor and MOSFET source follower are

located on the detector mount and cooled to 24'K. The rins noise voltage of a

detector unit as a function of background photon flux is shown in Figure 22-3. -

The transistorized electronic system, shown schematically in Figure 22-4,

consists of the following major elements:

(a) '-3ignal conditioner

(b) (hopper oscillator, 5ynchrcnous generator

(c) Neutral densitv and spectral filter drive and monitor electronics
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(d) Special power supplies for items a, b, and c

(e) Temperature sensor signal conditioner

(W Relay and hatch cover drive mechanism

(g) Thermostat and heater for electronic housing temperature control

T :- 10.5'K

A 0. 0, mm.

"- R =120
f 200 H7.

[";I 6M= '0 111,*

> 10

C.

___________ _MOSFET PIEAMN'I.IFIEln NOISE I.EVEL
fit. D)ETECTOR BLAS OFF)

1i JIi l I1 I I 111 11 1 L Ii

1010 10I 1012

BACK(;IiO1:.Nf (iiIio'roN.;, cm
2

./Hec)

Figure 22-3. HIIS Noise Voltage as a Function of Background Photon Flux

The synchronous, signal amplifier sG-.steem p e,•p•oý u preocmnp. 150- to 250-liz

bandpass amplifier with a gain of three, 200-1lz synchronous demodulator with

40-Hz output filter, and a 0- to 5-V logarithmic amplifier. An inflight calibra-

tion signal ii- automatically switched to each channel at 0- , 2. 5-, and 5. 0-V

levels when the hatch cover opens or closes.

A 14-channel FIM tape recorder is used as the primary onboard recorder

with a digital, 4-millivolt resolh.on recorder used as backup. F"requency moti-

lated telemetry (C to 5 Vdc) is available using either S-band (2250 Mllz) or

Pl-band (240 MHz). Two flux gate magnetometers are installed -and calibrated on

the gondola to provide azimuth position data during the flight. A central controlI panel, provided as part of the gondola , electrically integrates the radioineter

Designed, built, and checked out by %Denver Research Institute.

L

I-
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with the battery power supply, tape recorders, AFCRL-supplied command package,

and the telemetry. The command package is used for )reflight calibration of each

measurement channel. A breakdown of Lhe electricul power requirements for the

major components is listed in Table 22-1.

Taole 22-2. Radiometer Experiment Power Requirements

Item Power (W) Voltage (V)

Signal Electronics 10)

Phase Adjust Circuitry 2 28

Temperature Sensor Circuitry 6 ;

Chopper Nngligible 20

Spectral Filter Motor 18* 12
(5% duty cycle) (operating)

Neutral Density Filter Motor 18 12
(5% duty cycle) (operating)

Hatch Cover Drive Motor (5 W max.) 18 12
(intermittent, 20% duty cycle)

Electronic Box Heater 56 28

Neon Container Heater 1 5

Total 98

*Filter and hatch cover motors -to not operate simultaneouely.

22-2.4 Thermal Control

Temperatures are monitored at six locations to evaluate the system per-

formance prior to and during the flight. These locations include the neon con-

tainer, shade aft, shade front, hatch cover, flare section, and electronics housing.

Platinum resistance thermometers and associated bridge circuits with 0- to

5-Vdc transmitters serve as temperature transducers.

The electronica housing is temperature controlled to 305 degrees *5°K

using two flexible heater blankets, an on-off thermostat, and both flexible and

rigid foam insulation. The housing exterior is coated with a white paint for mini-

mum solar absorption. The interior is painted black to increase radiative transfer.

The entire optical, chopping. spectral filtering, anJ detection system is

coupled to the solid neon container. Neon, with a triple point of 24. 8'K, was

nelpeter h#rian of it, relatively high het of suhlim-Mnion _nnd -nife.v in hlind!!ng ,
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In flight, the neon temperature may get as low as 22*K because of the reduced

pressure at operating altitude (-10 mm Hg). The torodlal copper neojn tank con-

tains copper baffles to keep the gradient between the solid neon and the tank wall

to 1 *K. Internal coolant lines are pt ovided to perrmi, subcooling and freezing of

the neon with liquid helium. The 5, VI-liter tank has a hold time of about 10

ho3urs after termination of helium cooling.

22-2.5 Frost Free Systemn

The exposure of cola optical elements to Vie launch and flight environmentz

can potentially cause condensation problems on the optics or the formation of fog

within the field of view. Th,. adopted concept e:mploys a cold neon boil-off gas

stream to maintain the front optical window and the shade near the necessary

77 1K, and a secondary warm nitrogen gas stream to mix with and warm the cold

stream to ambient temperature before it is exposed to the "wet" exterior environ-

ment. The cold neon in; introduced through peripheral jets immediately forward

of the front window, and the warm strearr is introduced at the forward end of the

shade through jets and a 22. 9-centimete*., section of porous wall as indicated in4

Figure 22-5. The outer section of the s'lade is flared to an angle of 10 degrees,

which is beyond direct viewing by the optical bytitenk. The warii nitr'Ogeyl ib slip-

plied by an onboard 70-liter tank of LN which is -al~orized and heated with hot

Water.

2 WARM( 220,K)

HATCH COVFR ( SUPPLY

AND ENCLOSURE7__fr
MANIFOLD AND IWý AU~ET 21PERIUP1ERAL JEi!S "WET" AIR --

HATCH MOTOR
NeAKCOILS TO WARIM -

~~~~~~G NANI LrZ 80. - - ~ 5NU

- _NEON REGION

50K SHADE

8UK P WINDOW
THERM4AL MNFL

L-THERIAI ISOLATION !SOLATION

- 20 OnEC'IVE EWA cOER PRIPERD POROUS WALL
20*Kor~~cTIE DWAR OVE PERPHEAL LARE SFCTION

-JETS> 2K

Tipi~r~-p2-. Fnst-F~wPrpvention Systern
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Additional environmental and physical protection for the optical systern is

provided before launch and during the ascent phase by a movable hatch cover.
The 19-centimeter diameter cover is driven by a remotely controlled dc motor

with shutoff microswitches at both the open and closed positions. The inside

black-coated hatch cover (emittance 0. 92) is temperature monitored to serve as

a calibration source when closed.

22-2.6 Radiometer Fligtt Package

The radiometer assembly, telemetry, tape recorders, storage tanks, bat-

teries, and ballast are mounted on the gondola platform %ith dimensions of 1. 67

F meters by 2. 36 meters (65 inches by 92 inches). The radiometer Dewar is

mounted to the worm gear-driven gimbal system near its center of gravity for

ease of rotation and to maintain the gondola in a horizontal position during flight
when the radiometer is rotated downward. A list of the major components. cryo-

gens, and gondola typical weights is given in Table 22-3. With the balloon weight

of about 700 pounds, the total lifting weight is approximately 2600 pounds.
I4

Table 22-3. Summary of Flight Systcm Wcight

Weight (Tare) Cryogens
Item (b) (lb) I

Radiometer/Dewar 420 i

I,He 14 I

LN 2  59

LN2 Storage Vessel 128

LN' 100

Water Tank - 5
Water 7

Electronic Box 4 0_ _

Subtotal 674 248 922

Gondola, Battery 642
Recorder, Telemetry
Crash Pad A

Parachute 300

Total 186i4 -

',For !aun:ch on May' 16, !979 (,Ioec n..t i,.-•,p ,hl l",:f)
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22-3. CALIPPAllON

.\rsembly and calibration of the radiomneter was conducted in several phases

to provide an evaluation and data for the major components as well as the system. :11
The detector array was calibrated with respe'-t to frequency response, responsiv-

itv. and noise prior to integration with the optical system. Following installation

of the detector array, the absolute responsivity and field of view of each detector 4

were measured using a collimated 873'K blackbody whirh was aper-tured down.
L ~The apparatus was attached to a rotary table mounted ver-tically over thle radi-

ometer such that controlled movement' simn.: ating azimuth and elevation angular

rotation. with respect to the radiometer opi cal axis nas obtained. rhe table is

remotely controlled to an angular resolut'Lo. of 3. 6 arc ,-econds in a7imuth and
1. 0 arc second in elevation. Data points qie taken each 0. 01 degree until the

L signal is lost in the noise.

Absolute responsivity measurements were made using a point source and ex-A

tended source in vacuumr. These measuremey ta Kere later verified wvith an at-

tachable extended source to permit operation it- an air exterior environmnen. T he

attachable source, shown in Figure 22-6. is rmounted to the top of the LN2 Dewar

flanige with a vacuum-tight seal. The blacken-.d copper source surface is ma-

chined with 45-deg- concenitric grooves I, '~rovide an emittance of about 0. 05

I-I IN \Eli 1.1,IN E S,

(SNI) Al [PON 10\I - III~( AS-V I-:IOXY SI 11I'O1[

NnI'l O-RVOOI1E(:0 IM
MONO ORI(; \N lOA! '1S ~ 1:1)

INI

FFigure 22-6. C'ross s;ection of Attachable C:alibration SourIrScA

T
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over the 77 to 300*K temperature range. The temperature is regulated with

LN 2 and resistance neating on the backside of the copper plate. Chromel-constan-

tan thermocouples mounted and calibrated in the block serve as temperature trans-

ducers. Output voltage for each detector channel is measured for all eight filter

positions at sufficient blackbody temperatures to cover the dynamic range. The

effective radiance is computed for each source temperature, and plots of output

voltage versus the corresponding effective radiance are made for each detector

and filter position.

22-4. PREFLIGHT PREPARATION

The low temperature operation of the radiomete" requires cooldown opera-

tions to commence about 24 hours before tie launch. -'he LN Dewar and the
2

neon tank are filled with LN 2 lo provide a thorough scak and elimination of tem-

perature gradients in the optical systems. About 6 hours before launch, the pre-

lirninary LHe cooldowr is performed in the hangar area for about 2 hours. When

the detector temperature reaches 24°K, a checkout of system operation before

moving to the launch area is performed. The system is flushed with gaseous

helium to ensure no internal pumping of water vapor during transfer to the laun *h

area. With weather permitting, the I.He cooling is resumed to bring the neon

tan'. down to about 35°K. Then the transfer of approximately II liters of liquid

neon ie required to cool the system to 24 9 K and to fill the neon tank in about 45

minutes. The neon is subcooled for 30 minutes with liquid helium to solidify the

neon. Simultaneous vacuum pumping on the LN2 Dewar is done to freeze part of

the liquid and minimize sloshing when the radiometer is rotated. The antifrost
SLN2 tank is filled just prior to leaving the hangar area and then topped off just

before launch. The water tank is also filled and heated to ab(,ut 175°F prior to

leaving the hangar. The flow of v.arni GN through the flare scction is aditnted

for the proper rate after subcooling the neon and blended with the boil-off gas

from the neon tank and the LN 2 Dewar just before launch. A view of the radio-

"meter during the LHe subcooling operation on the fLight line is shown in Figure

22-7.

22-5. FLIGHT MEASUREMENTS

Three balloon-borne test flights have been conducted with the instrument from

Holloman AF B. During the firtit flight, the F'M tape recorder failed and only lim-

ited telemetry was obtained, bit th• cooling system and launch pro.-cdures workcd



r364

I gr 2 iul I-i~ rnfrO eaint
Sibo lfl- toFks i:ocL uc

.)"I.(,, lg til ''e -( gti a e r c r e L ~ k.p m d ;~ 7!

I f -toird flighti rrl ('1 r'Id on gihil t23, r !c !:jA- .ordr s;b kup otin] 'iwit td l

Pi t 'v:t;lur filter." foi- apngru f lte .-, w eel1 -)r l.okr o+ th 95 too12 r

%ot ai,-!!flhiI'ie .,. A,( prier *w tlrr rmdnr d- a t;;r!atror; o l';imn'j prrn'ir'

1'o~ !111 ;,v gur pe- Io tllo fi :,n'v~j1( ,
[tipicthin'] r f ir~j'ii' OC1iA icr'' Ili: \I' 2he u 2 ,; ' d t \'/Irc -l)fo wth .r



365 7

(2"? YOWz PASSir (165) SECOND PASS

I,= 1

0 -DETECTOR 2 NDF IN

x0-4 - DETECTOR 2 NDT OUT

( ) - AZr4IUTH ANGLE .

5 10O-

IL

-•." _5'(335) Fr&ST PASS 4

(354) SECOND PASS

S (189)
(341)

• 0 (359)

(354)

10-6 *gi

-5 0 s 10 is
ELEVATION ANGLE (DEG)

Figure 22-8. Plot of 10.5 to 12.25 pm Atmospheric A
Radiance as a Function of Elevation Angle

g -A

NI

L



366

References

Caren, ri. P. , and Sklenaky, A. F. (1970) Cryogenic Requirements of High Per-
formance infrared Sensors. Paper presented at Space Techniology and Heat
Transfer Conference, Los Angeles, Ca.

Girand, A.. and Lemaitre, M. P. (1970) Profils experimentaux dc lhorizon
infrarouge de la terre, Appl. Optics 9:903.

Jennings. R. E., and Moorwood. A. F. NI. (1971) Atmospheric emr.ssion measure-
ments with a balloon-borne Michelson interferometer, Appl. Optics 10:2311.

Tow, F.J. (1951) Low-temperature germanium bolometer, JOSA Z,:1300.

McNutt, D. P., Shivanandan, K. , and Feldman, D. P. (1969) A rocket-borne
liquid helium-cooled infrared telescope. !: Dewar and Optics, Appl. Optics
8:2199.

Murcray, D.G., et al (1969) Six- Month Technical Report, Contract F 19628-68-C-
0233, ARPA No. 1366.



367 .

Cantenti

23-1. Introduction 368
23-2. Theory 368
23-3. I'loce.dure 371
23-4. Expor'erien'i Results -

Gas Concentration Measurements 374
23-5. Experimental Results

Balloon Detonations 379
23-6. Conclusions and Recommendations 383

'v 23. High Altitude B1-3t Generation System:

SDetonable Gas Mixing Experiments
S.F. Fields, Phf.D

General American Transportation Corporation
Niles, Illinois I

Abstract

The overall objective of this program was to investigate experim. ally the
mixing processes occurring in inflight balloons of the "bar-bell" or ballonet type
in which initially separate gases (methane and oxygen) are allowed to mix to form
a detonable gas mixture during ascent to cruise or test altitude, This investiga-
tlon has been carried out by testing appropriately scaled model balloons in the
Ballistic Research Laboratories' Blast Sphere Facility.

During two weeks of tests in the blast sphere, a series of gas connentration
measurements was made fvt' bulluuiis operaiing over a range of simulated altitudes
from sea level to 50, 000 feet. In addition, a series of seven balloon detonations
was performed at a simulated altitude of approximately 35, 000 feet. The results
of these tests confirm the operational feasibility of balloons of the "bar-bell" or
ballonet type. In particular, the results establish that balloons cf thls type quite
readily generate gas mixing of the desired efficiency while ascendiig to test
altitude.



I
368

23-1. INTRODUCTION

Research previously conducted by the General American Research Division*

has demonstrated that explosive sources provided by detonable gas mixtures ini-

tially contained in balloons are capable of producing appropriate air blast environ-

ments for examining system and component vulnerability. The air blasts pro-

duced by gaseous detonations have characteristically smooth shock fronts and are

repeatable and analytically predictable. In adaidon, the buoyancy of certain de-

tonable gas mixtures is ideally suited to high altitude blast simulation applications.

However, before any full scale application of a high .. itude blast generation -j

system based on detonable gas mixtures contained in balloons is atteripted, cer-

tain safety requirements must be met. In particular, safety requirements at the

launching site. especially from ships at sea, dictate that balloorn configurations be

k investigated which initially separate the oxygen and fuel gases. By allowing the

gases to mix to form a detonable gas mixture only after iaunch, the risk of acci-

aental detonation at the launching site will be greatly reduced.

The overall objective of this program was to investigate experimentally the

mixing processg s occurring in inflight talloons of the "bar-bell" or ballonet type

V in which initially separate gases (methane and oxygen) are allowed to mix to form

a deLuiabitl ga ioixtur'e durioig ý,cent tIO Lruloe ,r test .ltit'dC.

23-2. THIEORY

In principle the "bar-bell" or ballonet balloon (hereafter, ballonet balloon)

operates as follows (see Figure 23-1). Initially, the heavier gas (oxygen) is con-

fined to an independem chamber at the bottom of the balloon. This )xygen cham-

ber is fully inflated and ;hereforc taut. The lighter gas (methane) is located in a

much larger, partially inflated chamber at the top of the balloon and provides the

lift. GCs covonmnunicetion betwetr! the oxygen ;nd methane chrmbers is provided by

means of a duct which ib closed during launch. During the ascent phase, the duct
is opened, and the gases exrand in response to ambient pressure reduction. Since

the taut oxygen chamber cannot expand, oxygen flows into the top cnamiter which

is free to expand. Oxygen continues to flow until an equilibriumr conditicn exists

between the chambers. This equilibriun; condition occurs shortly after the upper

charnher is fully inflated,

For a .tuminarv of previout (;A I) work in this arca, ,ce works by lialcerzak
et al, 1966; Balcerzak et al, 1967; Klima c',:l, 1967;,; Klima et al, 1967b; and
Lucole and lialcerzak, 1968.
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In order to simulate the mixing processes that would occur in a full scale

h- ballonet balloon (yield equivalent to 20 tons of TNT at an altitude of 35, 000 feet).

proper scaling relationships must be determined. It is known that gas mixing will

occur primarily due to the action of a turbulent plume formed by introducing heavy

gao into the light gas at the top of the balloon (Holmes and Fugelso, 197 1). The

mixing mechanisms that must be considered to determine appropriate scaling re-

lationships are, therefore, forced convection due to iniet jet momentum, buoyant

free convection due to the effect of gravity, turbulent diffusion due to the effect of

viscosity, and molecular diffusion.

Theoretical analysis indicates that scaling must be done according to the

Froude number, Fr = UVg•"•, where U is the heavy gas flow velocity into the top

of the balloon, D is the balloon diameter, and g is the acceleration due to gravity.

In addition to ,.iis direct scaling, certain constraints must be satisfied. The
SReynolds number, Re = Ud/v, must be large enough to ensure fully developed tur-

bulent flow. In this expression, d is the inlet duct diameter, and V ,s the kine-

matic viscosity of the heavy gas. At the same time, the pressure head required

to drive the flow of heavy gas must be maintained within balloon tolerances. As a

result of this, duct sizes ere limited as to how small they can be, end the possibil-

ity of forced convection is virtually eliminated.

Secondary constraints are imposed by the limited rpnge of ascent rates ob-

tainable in the blast sphere facility (which in turn limits the heavy gas mass flow

rates obtainable in a model balloon). Also, since molecular diffusion effects can

be shown to be entirely negligible in the full scale case, these effects must be kept

r as small as possible in any simulation with model balloons.

r For a full-scale single-cell balloon, GARD calculations (Calligeros and Hobbs,

1972) indicate that a balloon diameter of 165 feet would be required for a yield

equivalent to 20 tons of TNT at 35. 000 feet. For scaling purposes, the diameter

for a full-scale ballone, balloon with a yield equivalent to 20 tons of TNT at all

altitude of 35, 000 feet can also be taken as 165 feet. For a typical ascent rate of

"1000 feet per minute, the following values of Fr and Re result:

Re - r8 X 10 P*, Fr .49. (23-1)

The above values of Re and Fr are based on a single duct diameter of 3 feet

(approximately equivalent to two 2-foot diameter ducts). For a gas communica-

tion duct length of approximately 250 feet, this diameter will produce head losses

,,Reynolds number compute' assuming that the kinematic viscosity of oxygen crn
be expressed as v= vo/P, where vo' is the sea level value of v(l. 5906 X 10-
ft 2 is9), and P is the ambient pressure in atmospheres.
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of no more than 02 psi. A ballonet should be capable of withstanding a pressure

differential of this order.

Similar calculations can be made for a mode. 10-foot diameter ballonet bal-

loon. For scaling purposes, Froude rumbers of about . 5 or less are required,

as well as a large enough Reynolds number to ensure fully developed turbulent

flow. Based on an ascent rate of 3000 feet per minote (this ascent rate is about

the highest obtainable with the blast sphere facility and is desirable to minimize

molecular diffusion effects), flow calculations result in the 1,llowing set of values:

d = 2 in.
Re = 81 X 102 p

Fr = .43 (23-2)

d.= 3 trL

Re = 54 X .10 P

Fr z . 19 (23-3)

Head losses associated with the oxygen flow in the gas communication duct

wiMl be negligible in each of these cases.

In order '.o investigate adequately the performance of the model ballonet bal-

loon over a jignificant range of 2roude numbers, four model ballonet balloons

were con, tructed f~r the test program, two with a gas cormmunication duct irner

diameter of 2 inches and two with a gas communication duct inner diameter of

3 inches.

23-3. PROCEDI RE*

Four sets of experiments were conducted during the test series, The firs.'

two sets of experiments were performed using carbon dioxide and nitrogen gases

and a balloon instrumented (see Figure 23-1) such that the concentration of these

gases could be measured versus time at various positions inside the balloon. In

this way direct experimental monitoring of various gas mixing processes was

possible, Single cell ard ballonet balloons (see Figure 23-1) containing oxygen

and methane were detonated during the third and fourth sets of experiments. The

degree of success tn pe!.-forming t' -se detonations provided further information on

the efficiency of the gas mixing procebses in question.

*For details concerning gea loading procedures, gas ioading systems, balloon

systems, and instrumentation systems, the reader is referred to Fields, S. F.
(1972).
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Teledyne Isotopes of Westwood, New Jersey supplied, installed, and oper-

ated the carbon dioxide/nitrogen gas concentration system. This system con-

sisted of nine thermal conductivity cells located inside the instrumented balloon.

These cells were referenced to nine other thermal conductivity cells which were

left exposed to the blast sphere environment. In this way the effects of tempera-

ture and pressure variations on both the primary and reference thermal conduc-

tivity cells could b,, synchronized.

The signal for each primary and reference thermal conductivity cell pair was

recorded on a strip chart recorder once every 50 seconds for a period of almost

5 seconds.

For both th#' single-cell and ballonet balloon detonations, BRL had the re-

sponsibility for recording the time of detonation and the time of detonation wave

arrival at the surface of the balloon, for making overpressu re-time measurements

at various positions outside the balloon, and for recording the detonation photo-

graphically. Photographic coverage of ballonet balloon deployment during ascent

was also obtained.

A schematic of the instrumentation setup for the detonations is shown in Fig-

ure 23-2, and a photograph of the blast sphere facility is shown in Figure 23-3.

. . . ... ......

I gurE 23-2. Schematic of ILayout Figure 23-3. Blast Sphere Facility
for Detonation in Blast Sphere,
I op \'iew

2.3-3.1 Molee•,Alr Diffusin MesurementA

Four molecular diffutiori experinirnts were perforitied at :jimulatted test alti-

tudes of 20, 000 (one experiment), 35, 000 (one experiment), and] 50, 000 feet (Uwo

experimenois). For ench experirment, t)-.: instrurrnented balloon w\s initially In-

flatcd with equal volurnes of cri,or, dioxide and nitrogen gases in a stratifled Htate.
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The component gas concentrations were then measured for a period of approxi-

mately 20 minutes. To facilitate making accurate gas concentration measure-

ments, full balloon inflation was used to eliminate balloon geometry variations

(a balloon superpressure of I inch of water was maintained during the course of

the measurements). A

23-3.2 Plume Meaurernenta

Six plume experiments were conducted ending at simulated altitudes of
20. 000, 35, 000. and 50, 000 feet (two experiments for each altitude). All of the

experiments involved heavy gas plumes (carbon dioxide gas loaded into nitrogen

gas from the top of the balloon) except for one, which involved a light gas plune

(nitrogen gas loaded into carbon dioxide gas from the bottom of the bailoon). As
for the detonation experiments, the final gas mixture consisted of 60 percer't

heavy gas and 40 percent light gas by volume.

Plutne Induced gas mixing was examined by measuring the component gas

concentrations versus time at various positions within the balloon durinf; the

loading of the second component gas. Full baAoori Inflation during the loading of

the second component gas (performcd while descending in the blast sphere) again
facilitated making accurate gas concentration measurements by eliminating bal-

loon geometry variations. Descent rates of approximately 100 feet per minute,

in combination with the Instrumented balloon's 4-inch diameter gas loading ducts,

allowed the second component gas to be loaded so that both nufficiently high
Reynolds numbers to ensure fully developed turbulent flow and .roude numlra

of . 5 or less resulted.

23-3.3 Ballotm Detonstion,

For each single-cell balloon detonation (three were performed), the gas load-

Ing procedure wr.9 to load methane (through the bottom gas loading duct) at fiea
level. Oxygen was then lor.ded (through the top gas loading duct) while ascending

at a rate of approximately 3000 feet per minute to the test altitude of 35, 000 feet.

Upon reaching the test altitude and a qnal gas mixture ratio of 021CH4 = 1. 3 by

volume, the balloon -r o detonated.

Each experiment was performed using the 3-inch diameter gas loading duct

as the top gas loading duct. In conjunction with an ascent rite of 3000 feet per I
minute, this allowed oxygen gas loading to be pereormed in a fashion similar to
that which was to occur automatically in the modoel hallonet with the larger gas A
communication duct during ascent. I

lFor each of the ballonet ballooo detntiotiona (four were performed), the gas •f

loading procedure was to load nethane Into the top chamber and oxygen into the
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bottom chamber at sea level. The blast sphere was then evacuated to an altitude

of 35, 000 feet at a rate equivaleat to an ascent rate of approximately 3000 feet

L per minute. To couteract cooling effects and to obtairt a final gas mixture ratio

of 0 2 /CH 4 = 1.5 by volume in the top chamber, the blest sphere was then evacu-

ated to a slightly higher simulated altitude at which full balloon inflation occurred.

and the balloon was detonated.

23-4. EXPERIMENTAL RESULTS - GAS CONCENTRATION MEASUR EMENTS

Typical gas concentration data for two experimenta are shown in Figures

23-4 atid 23-5. Figuri 23-4 shows portions of the strip chart recording obtained

during run i,umber 12, moilecular diffusion at a nominal altitude of 20, 000 feet.

Tnis figure i'lustrates clearly how slowly gzs mixing occurs by molecular diffu-

sion when carbon dioxide and nitrogen are brought into contact in an initially strati-

fied state. The diptribution of the two gases inside the balloon at time zero in

this figure is Oue primarily to the gas loading procedure that was used.

Figure .3-5 shows portions of the strip chart recording obtained during run

number 6, heavy gas plume ending at a nominal altitude of 35, 000 feet. The corn-

ploteness of plume induced gas mixing throughout the balloon is evident in this

figure. As can also be seen, gas mixture grad'entFa decrease with time and are

surprisingly small throughout the course of the experiment.

The results of two other gas concentrat.on experiments have been used to "

generate Figures 23-6 and 23-7. In each of tl, .;e figures, 'he percent carbon di-

oxide volumetric gas concentration is plotted e rsus vertical height in the balloon

for aelpctsd times during a particulhr experim nt, In Figure 23-6, zero test

time corresponds to the time that loading of th i second :omponent gas was com-

pleted. Zero test time in Figure 23-7 correslpnds to tie time at which loading

of the second component gas was initiated.

Figure 23-6 again t,.rven tu emphumize the relatively in.effective gar mixing

caased by molecular diffusion in t)at the initial stratification of carbon di'jxide

and nitrogen reinsIns essentially u, .sunged for the test tlmea considered, except

over a small region near the certer of the b..,ioor It should be pointed out, how-

ever, that since the diffusion coefficient for a carbon dioxide/nitrogen gas mixture
-4 2•- 1(1. 537 >:. 10. ft is for sea level conditions) is smaller than that for an oxygen

rnethane gas mixture (2. 222 X' 10- ft2'/, for Bea level conditions), it is to be ex-.

pected that molecula.r diffusion will be somewhat inore effective for oxygen-

methane gas mixtures thun for carbon dioxide/nitroijcn gas ,nixture-.

The reibults shown in Figure 23-7 are typical of those obtulnred during the

plume experitfents. They are in excellent agreement with theoretical gaq mixture

.1
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values calculated assuming that instantaneous perfect gas mixing occurred during

the course of each experiment. Furthermore, the results are expected to under-

estimate the effectiveness of plume-induced gas mixing for oxygen-methane gas

mixtures. Since the ratio of oxygen to methane molecular weight is 1. 99 while

the ratio of carbon dioxide to nitrogen molecular weight is 1. 57, plume buoyancy

forces will be greater for the detonable gas case.

23-5. EXPERIMENTAL RESULT!S - BALLOON WfrTONATIONS

A photograph of a fully inflated ballonet balloon is shown in Figure 23-8.

Photographs of a fully inflated oxygen chamber (ballonet balloon) and a partially

inflated ballonet balloon are shown in Figures 23-9 mnd 23- 10, respectively.

The tendency of the fully inflated oxygen

chamber to take on a somewhat spherical

shape initiolly is evident In both Figure,-

23-9 and 23-10.

Kinking of the gas communicotion duct

(ballonet balloon) was encountered on all

four of the ballonot balloon detonatiou ex-
periments and is illustrated in the two

photographs of Figure 23-11. Thi6 kink-

ing can be attributed to the fact that the

dt;cts were not reinforced and to the fact

that they were somewhat longer than they

should have been. "or ail of the lallonet

balloon detonation experiments, oxygen
flow through the gas comnmunication duct

v '.restricted !,::le -l y 't w ,ltitids,,h %

As a result, the duct ;id not have to lhu

tied off at set' level to prevent oxygen

V transfer.V Fgtir,,' 2.i•-f. Vully Inflated
Y~or one of the hallounet balloon de- Jigulone2 ]8. llyInlt

Dahllonet blon
tonation experimerntd, it appearti !rom the

low upecd film of deployrn, it th-it oxygen flow was4 rHtrIct:d dtr!n p wcent to th,

point that the bailoinet l-ur ;t, ;,Ilowing oxygen to enti!r the top c),;.,dler frolw; b ,low.
A ccording lo thi (at;a obt;AihOd dluring the IolAUcular difru,:ima Cxp( rineut., g; .

",lix il in this case wouald hte very poor. Il i top rs of hir' i lj i ,i.E l (.inlup;, o, (.r-

age aind the time of r'rriva• anrd d-verptr'lnf4ur -tiuf: dt,. : poor g:i, l•ixtace wf- ]

itileed oltaamed eiurintv thliN ri!. "I 1 e ddata iJndl', tv that it low orb:u dutotintt,1 ,r''

dorliag ration occu r"-d,
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Reutf:fr h ixbnaiebalo detonaitionsaln with curves corre-

sponding to theorertical calculations (Klimna et al, 1987 a) are shown in Figures

212ad2-1.Tefgrsare for nondimensional peak overpressure and i A

W nondimensional shock arrival time versus nondirnensional range.
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While there is considerable scatter in the data, the ionditnricnlonal peiik

averprisau'ire for thesa, detonatioiiu agree reueonatily well with the theortctircu1

preductions. In addition, the hallouiet and mi~iigle crll bfilloon) renultm arev- quite
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The nondirnensional shock arrival times for these detonations are uomewliat

later than expected according to theoretical predictions. probably because of the

finite time required to induce a sustained detonati:n after detonator firing. -Some

Y_ of this discrepancy may also be due to blast sphere temperatures (and therefore

'I ambient acoustic velocities) ihaving been somewhat lower than those measured
(measurements were made only in the vicinity of the blast sphere walls). At. any

rate, the ballonet and single cell balloon results are once agaic, quite similar and

comparable with the earlier experimental results %Klima et al, 1967a).

Finally, one might expect the ballonet balloon results to he somewhat differ-

ent from the single cell balloon results due to the different effective detonable gas

mixture volume (441. 8 ft3 versus 523.86 ft ) for each type of balloon. Ho~wever, -

because of the design of the ballonet balloon and the fact that all the overpressure

gages were located close-in in a horizontal plane through the center of the balloon,

the effect of the "unused'' oxygen chamber volume could not be detected in the

ballonit balloon results.

23-6. CONCLUSIONS AND) RCOMMENDATIONS

The reo~ultb of the detonnotion P~rp~rtrnsntr together with the results of thii gas

concentration meagurements confirm the effectiveness of plume induced gas mix-

ing in balloons of the ballonet type. In terms of gas mixing, the operational feRs-

ibility of large scale hallonet balioons has been eatablished, In order to verify

operational feasibility completely, it is therefore recommended that a large scole

ballonet balloon he tested at altitude. Such a test would also take into aiccount the

effe'As of temperature variation with altitude, which were not simulated di-ring

thre blitst sphere experiments.

The one major probl~em en-countered during the program was the problem of

ballonet-hallooni gas conirniunircation duct kinking. !t is recommended that in rnaulu-

facturIng future ballcrnet balloons, the gas communication duct be suitably relin-

forced to prevent the poa'ihillity of the duct collapsing during aocent,

It is also recommnended that an inveiatigation be made into balloon designs

wh'ch allow the hallonet to collapse to the outer surface of the balloon at tust alti-

tude. With such it designr the total balloon volume will contain a dJetonable gas

mixture in the final r:oriflgurt'-iton, at larger explsinve vield w~ill be realized for the

4s-inre balloon tilze, arnd l~a!lI-)i guonietry effects or, the detonation unri air blast

clip.ractcri-4tic; wilil bie r:.r~iriiozvd,
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24. Review of Recent Performance of Large Balloons

and aailoons with Payloads in Excess
of 3000 Po,.inds

L WiOubti RHiearCh Inic.
Minnl<puriri, Minnuota

A ~4- I. BIALLOON M-IG-I(N A(IIIE'FMLS"'IS

Since the las~t ri.view of Strato)lkHnA polyethylene balloon pe rfo rtna lice givern

at the Barllooni Svnipogrm in 1970, the frequency of 1L rge mrid he'uvy load halloonl

flightf] hao in1c -amed hignifhcanitly. (Tablu, 24- 1 sunimu.ri 7ris thofie Mlghtsi frorni

.1;,nuary 19701 to September- 1572. ) As 1 r-emult of the duranad for highor 1IltitLK4CV

wirl heavier- payloads, ther~e has ~eln Atl Incrceated emrpliaW514 oin ; continivil UVvalUii-

tion ot O~iloon design, rfate ri~d4 us * firi ut ion anti 1ýiaurhuiriiy t ickiun' qtlrn. opill Lit;u

la r, thiu hab produceri the rit't. (oi- a miore I itertHlvu irive~jti~it ion into the m- rich; n-

I ical propertie- mrid perforinance of if~ry thini filrnIR, The develoliniiint of ai high

quality im-aling niachir~e hash resulted in conrisitent, unilforri nf 4 iili for thI in filrila.

includiny nyoyi on mA ilrkIa with seaul test Mt rerigthl CXit ced rig the -. pec ificitutioim.

S•ueccossful flights of 0. 35 ml I St ratol, jlril liu a loowi h )~r av e:n imcdup IH'

1Ahric.ition of tlh' lar-ge,-t bullncon evei, * 4Ht riuillion ruIJic foot vc,1umine of 0. :1 ul

iTI~tir'rwul for A ~ihati Jot luei~ti cvuipliete. A nlyk'ru !iltm, hIrm v iir cxtt udied

whiru h~ hail (xce~lleit hidih ')rIi fim propfretlin-e aid humi a 4t r(-cr.ti(iof tuhout four- tiruict-

that of pol-let bvl -lm! forin t hoý wituarewN:1 It ;i~ppcarM tthut 1. 1 Jl 11 it lh i111 fr"

5"riur-.u Ollie~ 1, Tegumir to tiun* ;-XLr.1siOiu of ai unifornri f~ilr,. ifowr'ver, it iii jpo-vilblv-

Proceding page blank



3588

Table 34-I1. heavwy Load 0'3000 I(b) adLarolr ('20 I4CF) Strfr.'m Bil alloon PILgII.1
T. From Januar'y 1010 to S ba- ru '2*

Vol. well ap isa. Wi L AX I
(MIII (mill (nAil ) 11ft. (IS; naow Lcation '(11S) 3) ReWimarks

41.1 .5 .7/.7 600.5 2637 4/4/72 Alice Spgo, 1834 146.0 nurcesa, 26. 9 hrI SN I
37.74 .46 .1 469..6 1944 6/17/72 Iolclornan succoes

AI'0. N.M6.. SN I
365 9 .7/t.7 463.21 2600 4/115/72 Alice BS..im 2116 Failure. split it-

AusirajUla hunG)). 611 1
261 6 .7 .7 462. 2 2102 /117 /13 Palsitei 1622 148.4 Succeus, 11-1,4 hr

k Texsa I SN 3
is. Is .0 .6 461.5 2044l 213173 Longreech I1lot" Oround abort. hich)

iEAustralia .indo, 6N I
32.60 .45 .5/..6 432.6 1092 11/7/70 bille.Ur, 1552 Failure at 40

Au~stralia SN I
33. 65 .46 S.11. 432.6 (1111 10/16170 Mildura, 1423 145.0 Success, 14.3 hr

.ustratlil SH 2

32. 61 .45 .111.5 412.6 a )40 711170 Churchill, 1166 F Iailure, split at
Manitoba launch. HN 3

33,6so .45 1 51. f 4)1,.8 1767 7/1 (70 Churchill, 156m - lllura, spiti at
marciota launch, ON 4

20. 5 .6 .7i. 7 424.04 2561 51 19/71 floleatine 34301 1 I.0i - at is K
Texas 5N I

20, 5 .?£ /.1 434. 64 2501 712/71 fleallatne 1246 142. 0 surciese, 5 hr
Texas SN 2

305 .6 .7/.1 434. 64 2115 7 113171 jlaImli~o. 1270 142.0 huceage. 4.0 hr
Ttase :414 3

20.6 .6 .71.7 424.64 2565 11/3/171 P'alestine 13119 F ailure at 7!1 6

6O .6 .71,.7 424.134 2521 1/31/ 74 Plo.(.tI.e 2149 132,1 74uecoom, .r

30,11 .11 .7/. 1 424., 3576 -1702 Churchill l56J (52.7 Autce.00 17.1 1,r

30.,( .41 .7 434. 36 1357 G! 16/7 1 1ileaeline 0/94t - allu'. at 10 K
Texas IbN 6

26,6 .7 .71,7 410.1 ii 594 10/ 14170 9almllino '370 134.0 succoes, .3 hir
Texas 1,N 4

206. 17 .1.11 410.06 37116 StW571 Palarism.. 36-40 126.69 gueefoa. 43,6 hir
Toxas !1N 2

10.64 .7 .17 362.1 2319 0!4/70 Al. Paul, 3504 132,0 Success, 343,0 tir
Mt,-noolFIN 7

20.64 .7 .71. 7 16.1 3330 5! 12/71 Sic-ux Falls, 3232 Su'1.0ee, 40 hr
6. 12.6.. ON I

30,64 .7 7,7 7 26. 3(1 i4/7/71 6IU 11.6.. 3006 t,.as*, 20) Ili

30.,6 . 1 .0110 3751. 1 2607 0/6/72 P'lselolne 4536 30.5 1 s'eee, 11, 4 SrITease IN 12
20.6 .a ) 6. q 376. 1 2663 9/ ")/71 1I P 9ielie 7647 27.2 1 Uf. 2 hrI.as$ 1N 3
wo0a. I .9 .6/9 275. 1 316 5/1/71 6'allplhiti, 4641 lid.9 I sonec, 11.6 hr

T n. moiN 4
s0.d I3 sil 36776. I 3667 9110170 laleelinct, !)807 11,4 S7 u .. , 7,69 hr

Taest A74 & =
20.4 .A .1.69 376. 1 3041 #/;0/70 11alaetins, j 135 11P.6I Ov lure., 27, F.

Tosam ON
v20.6 .6 .6of,9 375,1.I' 3001 r./ 311/71 r -ee~n, 105 120. !l Owae . 7. 11 hr

30.6 .9 1B. 75. 1 360 10/f/71 6elelno. 20 (1.6 uc., I.6
Teiui AN 9

30.6a .A 6/.a 376. I 26/2 J,.16/72 Polostl, 4471 411,,r# .1 57. 1,

20. 36 .a St. 277.37-,J 1117 11/27/1 l~anteca 1036 126.v Ilu,ic,les 4.6V hrI~ joigntn AN 2

D(ooo. not Incluels thoseg flights In If
7

to re1..rled at sI.lýo,r S1ycp~oIum, v4 (le. 1910.
IRalIluor.. with payloa'i. in cocoa* of rnsaal-ril rec-minor,4e.I
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Table 24-1. Heav y Losd-:•'3000 lb) and Lor21 r ta0 MCF 6 I 2tr8to SiumeBallon Fliglht@
From Janluary 1970O to September' 1973s Woolt) •

Val, he coep DIA. Wt. P. L. At

(UM, mid |"' (renl) (it) l lb) D ret L~ocation lib) ( 0Fgak

20.36 .6 !.. 377.3, 1321 12/1/70 Parana 1675 Su aucces, 0,larI Argentine .14 3

20.36 .0 .6 .6 377.37 1071 5/4/72 Pierren 2380 121. N Succee, 32.2 hr
S. Dail SN 4

30.30 .6 .6/6. 177.37 1540 11/15/71 Pirare 31810 - Vellum IaT.
.Argentina pigh UUn. 3N 9

20.11 .5 1.0 377.37 14 11/16!71 Paretn 1770 139.0 Success, 104 hr
Argentina SN 8

30.36 .6 .01 0 377.37 1111 0,15•174 2 'Pleetine J310 11.03 urresl., 236 hr

Tauce SN 1

21.0 .7 ,7/.7 347.87 1940 5'3082 Pierre 2894 . ourad .bo7 ,
S. Val,. 

high winds, SN I

20. 01 .5 ./ 314..8 014 5/9/li2 Prleetlne 1175 139.1 Succeue, IAt. hr

Teusa SN 2I

20. 1 .8 1.0 Y :7. 1 1768 6115170 Pemllet ,n# 1343 130.0 Success. 6. 0 hr

15.0 .7 .7/.7 334.65 1129 95;1817l T'aleetino 3407 121.0 success. 13.7 hr
TOx.x SN 5

SI, .7 .1/.7 334, 85 1257 9/20171 p$|ll~l 31 Faillure at 74,8 j
Telll SN 20

•-• I$, ,7 ,7. 7 334,8| 137 0,128/71 1'eleetins 20 110.0 u ce l . r

- ITilde SN 21

10.0 1.0 1.8 305. 2115 2/13.71 Palestine 4101 107.0' Success. 6.6 hr
Teats .N 330

010. 1.O 1, 3P3, S 2176 7113i70 Hollonin 3108 114. 0 I 3ureee. 3.7 i:ýI AF+, N.M. SI1 340

'106 1.0 2.5 105L.E 2148 6/17070 Hollornmn 3010 Fm:Iure at 500K
SAPF, N.M. RN 147

to.$ 1.0 1. 302.64 3117 7,0,'70 inliO-nman 3710 I17.O •IUrcee. 3.7 hr
AV p, N. M, qIn 340

20.6 1.0 1.8 305, 8 3177 81,1/71 T1.elctin. 107.5 SuNcolI# 7. 1 hrSTepee RN 393

10.5 1,8 1.5 2969 4719 1,'39•/'0 Chico AF'3 4245 104.7 buccoee, 4.3 hr
California IN I

10.6 1i' 1.8 304,9 2578 7/10170 I'alestine 4586 104.0 Succese, 8.8 hr
Texas SN 7

3. 2.I 1923,4 1010 4121/71 PalelIlne 3041} 91.1 Succeee, 10.8 hr

TOKEN SN 7S
0.6 1.6 193,4 1010 8/13/7i laleetine 3081fl S.L 3 uccese, 1. 0. hr

/ lrease hN 76

2Tea.e SN go

2.9 1 .5 i±1.4 off 811/172 TPa lestine 300: 90.3 luceoe. 10.1 hr
Texas RN hr

VaTl. ml~lt Cul Nil 0. L~. All.
PAM)I ( a11 t lgocatlon kilil f/ I"03) I9 marks

30.3 1.A 1.6/1.5 461.0 0800 i/8/71 ol.tera'n 11214 N/A Vailure at 0. 0K.AV A, N, M, Main ballon IN I

1AS,2 I ' % 19/11.0 462,87 10100 a/26/72 lIul.toana 13700 NIA Failure at 41 K,
AFIt. N.M. Main bliloun SN 2

Is.89 1.1 1W87 1 5 30 /17173 1'e1-111,16 7426 101i. Main bal" ,, F4 I
,3 3.0 - b4,045 Tnos Success, 1.9 hr

launch bolloon 5V 3

4,q7 1,1 1,1/1.0 368.0 031 91 51!4,7) 1'al:e4lne 6116 94.3 M.Il balboa, 611 I
TePo nlt r aloscope

Suc8ccI, 2. 1 hr

6.87 2.6 1.61/1, a 866.03) 8244 3/19171 iPebuclle 0402 83, 2 Main alioorfRN 2
Texas Ftrtoecop
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When this capability ia added to that of the superior sealing of the film, the con-

struction of large, lightweight balloons which can attain very high altitudes is now

realizable. Further investigation of film properties and fabrication of nylon bal-

loons are continuing under the sponsor-ship of AFCRL and NCAR.

Other design achievements have been the capability of attaciing larger ducts

"to the balloon, the development of the segmented clamp apex fitting and the devel-

"^,mnt ,ýf the reefling RlPP-ve. The latter will be covered in section 24-2.

Previousl',, the largest ducts used were 40 square feet in area, which meant

that for come of the larger balloons as many as 1"' ducts would be necessary con-

sistent with the ducting requirement-. However, due to improvement in fabrica-

tion techniques, ducts of 100 square feet area are itow being used with a consequent

reduction in the number of ducts required.

The segmented clamp fitting which securely Eolds the balloon film and load

tapes at the balloon apex has performed fl.iwless.y in every case, sustaining a load

of 25. 000 pounds on one flight and 90, 000 pounis in a ground pull test. Hence,

its continuing use is assured as the demand for neavier payloads increases.

In the category of single cell balloons of capacity larger than 20 million cubic

feet there have been 39 flights since 1970, of which 28 have been successful (tl'at

is, the balloon reached and maintained float altitudel. 'Ihe two most notable suc-

cc.se- were the largest balloon (46 niil;on :,uhic f_-t) ever flown, in Aiqtralial

this year and the 37. 7 million cubic foot, 0. 43 mil balloon flown at iIolloman Air

Force Base this month, The 46 million cuhlic foot balloon carried a payload of

1834 pounds at an altitude of 148,000 feet for rnoit, thani 26 hours, The 37.7

million cubic foot balloon attained a float altitude in excenin of 160, 000 feet, Of

the eleven unsuccessful flightu, two were classifed as ground aborts (terrnination

of launch due to exceshive gusty v.iadw, mechanical or ulectrn-nics failure, and so

ort), and nine ware classified a. tsilloon failurLes (failure of tih: balloon aw.:iteyr

itself). In the ciase of two of the failure.4 the payload- were in, exce_.s of the valueri

Win er. Hesearch recornnmended ;as In;xirf TriI1 !01o the :tfreiigthi of the film rnaterial.

one failure was the result of ,ir utifortunatt ;'teident wher acm inflat; ', tube pulled

out of the balloon durjng, tne inflation procedure. Helpful Inforniatino waq received

from the launch crew on how thipn fallure wag incurred. As a result, the inflation

tube attachment deoign has beetn s'odifid. Ignificantly, rnost of the fa iHres oc-

curred very soon after launch or ,t low altittide, which hAs pro.iptical a clos4er In -

vestigatlon of pos sible probll•ns asfoc2iatey' with fht d,'niraniir, lunching of large,

thin film ballonnL,. ThHese prolelnnis are cx,r.uitued in eetlorn 24-2.

In the category of ballorms ca,'rying paylouads in excess of 3090 pounds, which

Covers s, volurne ruing++ f rnn 2. 9 to 3:0. rj, II Iuol ubi c feet, theore hove heenr 25

flights of which 2, weV t: ; ''CH5!II. ()ru' of the tcallo)Tri, '10.5 9 willion cubic [vet,

hud a payload 13 prcrerit in eX!u:,U of the InucxJ1i' 'Ill•t recoruheiided. It zuonaged
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to reach a maximum altitude of 86, COO feet before starting to descend due tc ex-

cessive gas leakage. The other failures were of a 20. 8, a 15. 0 and a 10. 6 rail-

lion cubic foot balloon.

The demand for heavier payloads has spurred the development of the tandem

balloon system. This system was developed primarily to overcome the problems

ausociated with the dynamic launching of large ballo- -s with very heavy payloads.
•_ ~Since 1.970, five tandern systems have been launc,,-d -which have inco.,porated a _

.StratoFilmg main balloon and in one case a StratoFilm0 launch balloon as well.

Three of the flights were successful and two were unsuccessful due to main bai-

loon failures. One system carried a payload of 11,200 pounds and failed at

50, 000 feet; the other carried a payload of 13, 800 pounds and failed at 48, 000 feet.

Two successful flights were for the evaluation of the Stratoscope program, ard

each system had a scrini mylar launch balloon with a 6. 9 million cubic foot Strato-

Filun 4 main balloon. The first was lown ii May 1971 and carried a payload of
8400 pounds at an altitude cf 84. 00(' feet for nearly 3 houre. The second was
launched in February 1972 and carred a 9400-pound payload at 83,000 feet for

over I hour before the flight war terminated. Biecause of the high cost of mylarI7: in relation to polyethylene, it was decided to evaluate a syeter• which used poly-
* ethylene for both balloons. This system, which had a main balloon volume of 19

million cuLbic fu.t, wet Li• ,chd hi, M.arch 1072 and carrlcd a 7,,1 0--pound payload

r at an altitude of 101. 700 feet for over I-1/2 hours. As a consequenc._ of the suc-

cesa of this flight the construction of another Stratoscope system is now underway,

using the polyethylene design for both balloons. The main balloon will have the

same configuration as that used for the two previous 3tratoscope balloinh. The

launch balloon will be constructed of 2.5 mil Stratol~ilm~double wall and will have

-a volume of 465, 000 cubic feet. This flight, another in the evaluation of the Strato-

scope system, will be launched borne tin-e next ear.

12-2. lNNOVA.Ia,•; i Pii IMrItIVEr i.AU*NCIII "..IIN(IQUEI.S

Sin e tne Sixt•h A I'Cl(I.Scientifi,: Balloon Symposium float altitudes, paylood

weights and balloon sizes have continued their upward trend, at Indicated in nec-

tion 24-1. Tihli. pregress has not been achieved without some trauma, however,

since the c-onornw0:a of uallooniiig require that development costu of balloon prog-

ress mu.jt be tear.ed wfih actual iciuntific rc•r -- ' flights. Analy-is of the flight

records show that (oHt of the failures of giant balloons were during the launch

phase or were' flight failures potentially casied ,' launch u.vihage. The problem

prescnted was whether to ruake balloon aeilgn changes to overocomc existing laiunch

ttichnique problems or to develop new launch techniques. We felt that the latter
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approach merited a thorough attack, because balloons are going to get much larger

than current models.

In the development of the current state of giant balloons, many improvements

in design and manufacturing have been made, but relatively few innovations have

occurred in launch techniques.

Development in design of large balloons has resulted in more expanded corr-

puter programs to provide shapes for multiple caps of different thickness and

lengths, for vaoious types of Bs-verpresstre and subpreS3ure shapes, and for in-

cremental weight distribution data, Hi-slip StratoFilm reefing sleeves with thin

rip panels were designed and have been in use for several years. These sleeves

were not optimarm, but offered a measure of protection against ground damage, a

launch sailing and ascent sailing.

Many manufacturing developments were accomplisbed, such as the first ob-

vious step of lengthening the production plant. Great improvements were m-,ade in

material handling, such as full gore width winders and dispensers, handling and

packaging machinery to prevent any stress on the balloon from manufacture to

shipment. Heat sealing equipment was revolutionized to provide micro control of

temperature, pressure and spL Ad, w.th elimination of virtually all manual exper-

tise requirements. This develooment waa essential to provide optimum sealing

strength for a wide range of thicknesses, from total layers of under 1 mil to over

20 mil. Deveiopment of very thin Strato'ilmn also has made such giant balloons

feasible.

Conalderable effort has been extended in Improving launch techniques for very

heavy payloads and large balloons by using a tandem balloon sysiem that consists

of a strong, smaller launch balloon with a transfer duct into the main balloon.

This provides a tight bubble which is relatively uraffected by ground wind and pos-

itive slow .motion. as well as controlled letup and launch without aerodynamic flail-

ing about. UnfortunaLely, this type of system bootstraps considerable weight that

increase5, operuting co.ts (helium and handling equipmrent) as well as initial balloon

costs for a givcrn lo-d-atitudc mis"io•.

The platform-rollet- launch technique with mobile launch vehicle has b.en

Solishud for many yeare, until a reasonable success ratio of 5000-pound payload

launches have bee!n ac&ieved wilh balloons of up to 20 million cubic foot inflated

volurne. What is a reasonable success ratio? The latest W'inzen Hesearch Flight

fReport of over 800 flights or attempted flights during the last 3 years irdicates a

success ratio of 91 p;-rcent. If we eliminate experimental film flights, no-test

situations, and ground and launch aborts, the success ratio Is 97. 2 percent. flow-

ever', of balloons over 20 rrrillioi cubic feet in size, the oveirall success ratio fills

to 76 percent, As indicý,t.d in section 24- 1. the major portion of the 24 percent
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failures either occurred at launch or were low alti-ide topouts caused by launch

damage. Following is a detailed analysis of some of these flights or launch

failures.

Some fine photography in 16 millimeters was done by Haven Industries of two

33. 8 MM balloon back-to-back failures at Ft. Churchill, Canada in 197 1. The

film was loaned to us by the program sponsor, the Office of Naval Research and

NASA so that the failures could be analyzed. Both failures occurred under ideal

launch conditions with not enough wind to riffle the wind sock. \What little wind 4

there was caused a slight side drift as the bubble came up. The data, reported in

a failure analysis report to ONR, showed that the large ratio of lift to bdbble

weight cauaed a motion toward the launch vehicle of 4 knots. The high lift accel-

eration caused a very large diameter mushroom cap wht.ch. when the sail devel-

oped, called for very rapid deployment of the 0.45 rnil material from a tight ropc

to fill out the sail. This started a tear in the lower part of the cap area which

qpiit to the apex, and failure resulted. The second failure was almost a duplicate

of the first.

This leads to the conclusion that it is desirable to reduce the ratio of lift to

launch bubble weight. which in turn reduces the initial acceleration and velocity

towc--4 the launch vehicle. THis can be accomplished by letting more bubble up

through the roller before launch, the extent of which is determined by launch en-

vironment, but preferably be'ore a large lift is achieved to prevent abrasion of the

"balloon or po3pping holes from entrappuA air. Secondl,, it is desirable to have a

Sslight wind (4 to 7 knots) from the balloon ;ihbble toward the launch vehicle to re-

dceC the relative wind to near zero, since the bubble ascent causes a velocity i

toward th, launch vehicle of 4 .o 5 knots.

These criteria were applied to the launch of a 46 MM cubic foot balloon in

Alice Spr-ings, Australia in \iav of this 'year. This flight carried DJr. lAewi

X- ray telescope with a liftoff gross inflation of 5390 pounds to i48, 000 feet ,,ir a

flight duration of 26 hours. The following wind of about 7 knots at launch gradua-

- ally lifted the balloon so that it did not fully clear the ground until about half way to

the launch vehicle, and no appreciable sail developed.

A few days later, the •ame payload after recovery and recalihration was at-

tached to a 36 ,MM cubic foot balloon. The same criteria were applied again, ex-

cept that the surface ralm seemed deeper up to aibout 5 knots at :0,out 1000 feet.

Thhe balloon failed shortly after rele:a,.e. Moust people present felt that the condi-

tions were almost idnritical to the. 4L. m\ flight, but side pictuires, showed that the

36 MM balloon was comnpletelv off fihe groand. ;.rid !r os' of the balloon wai'i par:illcl

to the grou-i ) ":iortlY aiter relcaese,
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Eiamination of the balloon showed a triangular tear in the middle of a gore

with the point toward the top of the balloon. This tear split up to the apex. Exam-

ination of the movies and imprint at the start of the tear showed that the apex

fittirg did not accelerate as rapidly as the bubble film dropping it, relatively

speaking, into the bubble. Then, as the bubble picked up the load. the apex was

snapped upward, and a nut on the fitting caught and tore a hole. Design protection

against this type of failure has been made. This problem might well have been

the source of failures where balloons topped out at low altitudes with apparent

holes.

In anticipation of dynamic launch technique limitations, a program to develop

a new launch technique for giant balloons was sponsored by the Office of Naval

Research and NASA in 1971. It has been rather generally acknowledged that the

optimum method of launching a balloon is from vertical inflation. Unfortunately.

this launch method requires the seldom experienced condition of dead calm to an

altit,.de over a thousand feet.

The main preventative of the optimum vertical inflation launch, wind, moves

the uninflated balloon portion over the ground when the bubble is inflating so abra-

sion protaction is required. If there is no restriction on the gas bubble, the un-

deployed material will inflate like a sail; so the gas bubble must be restrained to

a reasonably tight bubble such as that achieved with a launch roller. One who has

tried to hold the end of an inflation tube during inflation with the wind in the wrong

direction knows that aerodynamic flailing is a problem. Wind effects or, the infla-

tion tube must be eliminated.

These problems have been resolved successfully with a 0. 25 MM cubic foot

balloon. A reefing sleeve has been developed for a series of ground inflations. It

consists of a fabric sleeve lined with h!-slip StratoFilmO. The fabric is a portable

ground cloth which permits movement oser reasonably clean ground or pavement

without balloon damage. The reefing sleeve is secured every few feet with a cir-

cumferential draw line that can be released by pulling a pin. With these pins tied

together the length of the sleeve, they car. be pulled sequentially likc a zippcr az

the bubble inflates to a vertical position of the balloon. This maintains a tight

bubble with a maximum cone angle of about 50 degrees during the entire Inflation.

During the test of a simulated 750-foot gore length balloon using an anchor line.

it was :ound that the 18-knot wind force on the pin pulling line and the elongation

of this length would release several pins at once. The procedure was therefore

changed to use the lanyard release of pins only to unzip most of the sleeve during

the erection phase. The bypaa::.r 1-i"R were then released by shli -contained squib

cannon cutters as the bubble grew" to full inflation. Other pins wero released by

baroswitch-controlled cutters as the balloon ascended to maintain controi of the

undeployed balloon for sailing prottection during wind shears.
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T!o prevent flailing of the inflation tube or tubes, they were encased in a fabric

sheath and attached to a flange on the reefing sleeve and to a flange on the balloon.

This procedure operated in excellent fashion on the last five ground inflation tests

in winds between 15 and 18 knots.

The bubble must be prevented from twisting which might choke off the inflation

tube, so two handling lines were installed near the bubble equator. The patches
for these lines are capable of handling 200 pounds of pull in any direction. To pre-

vent sudden surges of force on the balloon, a length of bungee cord was inserted in
a longer loop of line in each handling line. The force to pull this bungee taut was

25 pounds, but the torque required to prevent bubble twisting never reached this

extension even under 18 knot wind forces.
The ongoing program with this sleeve development incorporates a flight test of

t;le . 25 MM balloon and then ground and flight tests of a I MM cubic foot balloon.
These tests will be followed by manufacture of a 2 million and a 7 million cubic

foot balloon under the ONR-NASA contract. The latter two balloons will be flight

tested by NCAR at Palestine. Texas.
Our feeling is that this reefing sleeve design or an improved ve 'sion of this

design will provide a launch procedure that will opr.i '.:he door for super giant bal-
loons and payloads far in excess of those presently considered.



397

Contenti

25-1. Introduction 397
25-2. Tneoretical Analysis 398
25-3. The Stress Analysis of a

Sample Balloon 40b
25-4. Conclusions and Recommendations 414

25. The Effect of Material Deformation on the Shape
and Stress State of a High Altitude Balloon

Or. H. Alexander bnd P. Agrawal
Stevens Institute of Technology

Hoboken, New Jersey

Abstract

<.. Presently used balloon design procedures do not account for the effect of
material deformation on the shape and stresjs state of a balloon and ý'ssurne a state

-- of zero circumferential stress. Using an approximate constitutive theory for
transversely isotropic (balanced) and anisotropic (unbalanced) films, it is demon-
strated that the zero circumferential stress state is impossible, and the shape of

Sa fully inflated balloon can be quite different from the design (undeformed) shape.

This shape difference under cr.rtain load qitliption)4 "an givo rise to qu-ite -arge
stresses that could cause balloon failures.

Modifications to the present balloon procedures that iiclude deformational ef-
fects are proposed, as well as methods of analysis to preduct the true circumfer-
ential loading to be expected in high altitude balloons. The proposed constitutive
theories are verified through comparison with experimental data obtained in uni-
axial and biaxial stress state experiments performed over a full range of balloon
temperatures.

25-1. INTRtODUCTION

As a resilt of the requirements pl:iced on the balloon rdesigner by the u.scr to

carry heavier payloads to ever higher altitudes, the demands placed on the balloon
.......... ................................ tc .............................

..... •.-- • •t oull~ j~ll ),,.t:lk) t. I it .I~ll,-

ferential .tre.s and no material deformation in the design of naturaýl 3happ balloons

Preceding page blank
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are no longe-' valid approximations of the actual stress and deformation states. A
need exists for a realistic analysis of the stresses actually developed in a balloon.

Such in analysis must aCiount for the tffect of material deformation and should be

an adjunc.. to any balloon design program. It could be an important aid in modify-

ing balloon design procedures to boetter utilize material strength and prevent re-

gions of high stress concentration.

This paper describes a simple, conservative analysis that uses relatively

little computer time and gives a reasonable approximation of 'he stress field in a

ballocn.

25-2. 111fRIKTICAL ANAL'tSIS

25-2.1 Buw Aminmptiono

The commotily used natural shape balloon design procedure assumes that the

deformed shape is not very different from the design shape (equilibrium can be

taken on the undeformed shape) and tha't the circumferential sýtresses are every-

where zero. A rotationally symmetric shape is then determined that will he in

equilibrium under the applied pressure, balloon weight and payload. This shape is

used as a guide in the produiction of the ballnon from a seriep ot gores that are heat

sealed together with load tapes at their junctures. !t has been noted, however, that

upon inflation. ; balloon does not remain rotationally symmetric but goes into a

regular shape with scalloping of the film hetween the load tapes see IFigure 25- 1).

DESIGN CONFIGURATION ACTUAL CONFIGURATION

i.OAP TAPE

I igutre 2.9-1. ('olcpratriaon of the ')esign and A ctual ('onfigiiraticiis
of the (:roas~ Section of a Natural S;hape Bl;iloon
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____ ____ __ -~ 5IW
Noting this and the fact that the deformations of the halloon filml 'ill he small1 in

the te mpe ratu re range of i nte rest,* the ahl isof this paper has been perfa r lifed]

assumiing that the load tapes, which zire fairily rigid compared to the il.,follow

the design shape at ceiling and a computed bubbile shanpe Lit all other altitud es. The

filmn is then irSSn med to deform, into aI circulav cross .- section shape betweeni ad -

jacent tape~s. All excess material at altitudes below ceiling is ;a'ssumI1ed to go into

L asail that sus-tains; no lo~tding. ( onseqti ntl, l loaded -,ore,, air ;issuned to he
sirni Lrly loaded (s;ee I- igrire 25- 2).

FILM DEFORMS INTO) A CIRCUL.AR CROSS-SECTLJN
PERPENDICULAR TO THlE
PRINCIPAL CURVATURE

LOAD TAPE5 Fr)LLOW DESIGN SH(APE

ALL EXCESS MATERIAL
/ GOES INTO SAIL AND

SUSTAINS NO LOADING.

7 ALL LOADED SORES
ARE ASSUMED TO BE
SIMILARLY LOADED

Fl~LriI'O 2 5-2. ScIlon-.0 of .''nllvsis for ZI 'I 'aped,
Natural S-iiapu liulloori

1'olveti-Ievlere, thrnoughouit it-ý 1111 itrcpIrir r~iri iu (lauroi .Ia' r- Igp-

it 1. 25- 1S : I rI sot ropr 'I (- v I o iI 11t( ;) .¶ i j:!.t or vi 1. .\r rI cx cI-f trLf ,

tur i rIk I- IIt 1 o 1,4!1)1 lo' r -!411 I I a i~t t'r'i~ I f t I I'rIi. r (II fl I nt tno I r d i Ir I pun I I:i-

t.I bl 1 .4111e I It . it W,)!11(1 noct hu# pt :!Iti(-.l foi- ins'' I[ i1liool dc'-rzgn. Ir' r' ', cf'r'1.ill

Iirinii v ie . i ut i (':nn Il IIV til O W' f ti ' . in I'o i rfI I ri 'I ir'.'.n tn

'.'nelr stress) 1
-4S ronrs4idf-r'id ;n- 'aillitri', III( 1V1:nýtnn- chine!- ul fnn' ?I-n'' I I!.n i')f
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A IALT(??. 10jQ3)

'60[ TEMPERATUR

140-

120,

100-

bo ~

63 ý- IRSSn

20h

0-8 -60 -40 -L0 0 20 40 60 T(OF)

p(pSf x10'2 1 24 20 16 12 s 4 0

F'igure 25-3. St:.ndard 'itirno.pherle

eliminaited fromi the constituitive theorv. At flight temperatures, the viscous re-

spneis small itt operatiiig stress levels dnd can be neglected. It remains then

to estahlish a constitutive relation of an 2nisotropic elastic material.

Re'cognizing the orthotropic nature of blow&n filmns and assuming linearity be--

twe('n engineerinr ;tress and simple Ftrain (Alexander and %keissmnann. 1972). the

following two-dimensional constitutive relation is obtained:

'I I/ - n (2.5-1)
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Er C (25 -2)
m E2  m E t

where ct is the transverse strain, e is the meridional strain, Cris the trans-

verse engineering stress, a is the meridional engineering stress. E i3 them
transverse modulus, E2 is the meridional modulus, and V' is the meridional to

transverse Poisson's ratio. Assuming incompressible behavior under load, the

Poisgon's ratio. LV. has been found to be approxirm tely . 67 9 for all temperatures

for DFD-5500 film. For the pur'poses of 'his report that value will be used.

The modulus versus temperature characteristic of various polyethylene bal-

loin films has been determined in the earlier report of Alexander and Weissmnann

(1972). They are reproduced here in Figures 25-4 and 25-5. In the terriperati~re

3501EX16'(PSI) 200 EXIQ 3jP5I)0
0 0 1~5 MIL X-124 SIAC.1rNr DjrICS 0

0 C ?5 hMi.. X- 24 TPaT,'L4SE DIREC' Cf.

35 Wit MAACi-I%E DIPFC1'Cli 0 V%rIL X- C
300. a .3,5 NO TRAN4SVERSE DIRCTION.*2 CN - :'A " LN

0 45 ML M C 10~ 0'.M. STRA7CF-L.Y
o 45 MIL T 0 NOE00
9 fl IA 6 0NT

* 7i ,'IL T 0 AIL uN uAXrA_ TESTS ON

0 140 SAUPLý a~

250 cTESTRA.% PATE OF C

ALL CNIdII:A' TESyS ONPT ILEC
-12 X'SAMF-LESA A 2O

STQA: RATE Of 0% 2
CPEA Md[%LJTEA

zoo~ A00L

P 1 0

150. o

201

60 0 _10 6 00-0 8

T(I) Fgur 25-5,Moulu VesusTemer
120 o 4 0 40 -0 aurefo- olvthvene allon ilm

Figue 254. ko~uls %'rs:,
Tempratre fr Tin Srat~il

rane f ntretth mduusvaie fom15 00 to20 00pi h
stes100c eemnste iiso plcblt fth nl iwsas on

ch ~ ~ ~ ~ ~ ~ ~ ~~Fgr 25 -5tr te resoni 'gre2-.f e , Mn todulus VritasusTmper-ha



402

900S0

stress levels below the vield stress Y EILD(PI

are always safe stresses, since it 0~'000

hao~~ bee shownL bN Ker j1 24 m.CK:NE D-RECTION 0
has een how I~vKerrand0 0 75m'- x 24 TRANPSVER5E DIRECTION

7000 A A:j4M

Alexander 11968) "nd Alexander U5M 2
NOTE

and Weissniann ( 19712) that launch 6000 ALL.Uf.AXih TESTS ON
i2X SAMPFS AT A

temTperature preloading cani cause 5TRi'l RA-E O Z

failures at quite low burst stresses

T ~~at th2 tropopause. 00

Analyses of the type presented

in this report can never he utilized 3000-

to their fullest extent until gross 20

lot-to-lot variations in film prop-

erties aire eliminatecd. Tr:is asslir- 10

anrce of consistency ;and how to oh- -0______(1

tamn it is the s -biect of other inves- 12 80 40 0 -40 -Ou

tigations of the authors (Ajexander. I igure 25-6. Yield Stress Ve'-sus Tern-

102.per-ItUre for Polyethylene Balloon Films

25-2.3 Load Tape CoiipIitutive 1Iieor-

) n the basis of prohmi-pirv tý-stirng rep-orted by Alexander (197' 2). an a-pproxi-

mate constitutive relatiorn was established' for load tapes that assumes linearity be-

tween the load tape force, F tpe'. and the mneridional strain. M with the cunstant

of proportionality (ia tape "modulus'') as K

F tap mn (25-3)

F or 500-pound load tapes, the tape 'moduolus" was found to he approximately rep-

resented by% the following empirical relitionship:

K = ( 01 1 0-'F) lb. (25-41

where T is temperature ('C)

25-2.4 Anabivtal 1)etailft

Force equi li~r iu ns in the meridional dirTection vi.Žlds

U2 c1 2iT11(5 )
tare-s film - t c 25
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where Ft is the total force in the load tapes, F is the total meridionalStapes Ffilm

force in the film. R is the circumferential radius computed by the natural shape

balloon design program, and tm is the average meridional force per inch of bAl-

loon circumference computed by the balloon design program. Substituting Eq.(25-3)

into Eq. (25-5) and noting that

F filrm u Mr2t!Rch (25-6)

yields for equilibrium in the meridional direction,

""- +c2 R h= 2 Rct (25-7)I i m c c m

where n is the number of deployed gores.

Assuming that the film deforms into a circular cross section perpendicular to

the principal curvature directions, taking force equilibrium perperidiculpr to the

balloon film surface yields

4m + = - -+ w si o. (25-8)
R 0R+(l+t r(l+f m h

vwhere R is the meridional radius of

curvature of the design shape. r is the

* deformed transverse radius of curvature,

p is the pressure difference across the

- balloon skin, h is the undeformed thick-

r ness of the balloon film, w is the weight

" / density of polyethylene, and 0 is the• A /"

S /,,-/I angle made by the design shape with the

vertical axis of the balloon (see Figure

• 225-7).

Referring to Figure 25-8, it is nec-

R RC essarv to establish a relationship between

do / /the transverse stretching and the sti ain,

rm / Rt" The opening angle of the undefined

/Cos 8 shape can be expressed as

=2sin s- ] (25-9)

Figure 25-7. Free Body Diagram of
an Element of a Balloon Gore
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so W

a! I

Vigure 258 1Indetour-ed and be-
formed Cross Sections of a .3allo~n
G'ore

and the undeformed length is therefore

S =-C 0. (25-10)
0 Cos

The deform-ed length iti given !by

S r,(2-)

where

y -sin' i o (25- 12)

CTherefore,

- I -- (25-13)

0 C a
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Equations (25-1), (25-2). (25-7). (25-8). and (25-13) constitute a system of
five equations in the five unknowns. Ot, Em , Et and r. The quantities R ,,

t, 8, p . h and tm are all obtained from the standard balloon design solution at

each level on the balloon. Combining thfse equation, yields the single nonlinear U
algebraic equation, A

-F(r) + Sind 0 (25-14)

where

E = nl + 2iTRcE 2 , (25-15) 1

r cos 0 sin _
SM , (25-16)SR ae

C

Al+f = (Q(Q-l+FB!) + B + 1 (25-17)FA__

A '] -' " (25-18) A

2  LEJ

1 nKLA
C =- - -- , (25-19)

2, Rctm.
c m

B t(25-20)

and

S°t = C(25-21)
it t C

Equation (25-14) is solved for r using the Newton-Rhapson method. It is
then possible to evaluate the ,ther four unknomns, CY . yt n. E t. However, it
should be noted that the m co nputed will be the strain of the tape-film intersace
and not of the filrn at the ctnter of the gore. Consequently, a correction is n.ade

that accounts for the increased t m in the gore center due to the increased meridi-
onal radius of curvatu-t. It is found from geometr.c consi'ierations that

6R r R cJ I 4 ( C t3 _W 2 t2
M= 0 -SO cos+ T 22
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and, therefore. thc corrected e • o is

m M
)T-23)e ~m rn rr

Substituting r for em in Eqs. (25-1). (25-2). (25-8) and (25-13). .tiese
rn

U four equations are solved for the :our unknowns ao, t, I E and r. 7qiatio-
(25-7) cannot be satisfied, since it repres'nts meridional force equilibrium at the

tape-film juncture. Combining Eqs. (25-1), (25-2), (25-8) and (25-13) yields the

single nonlinear algebraic equatloa,

-_ m c. P wsine 0. (25-24)SHR Q m• r(,-'[- at +h ""

where

t m

1 2

and

t= Q- 1. (25-26)

Equation (25-24) can then be solved for r using the Newton-Rhspsun method.

Then 7., E and a are evaluated through the use of the governing equations.

25-3 THE STRF.SS ANALYSIS OF A SAMPLE BALLOON

"r.7 demonstrate a typical balloon stress analysis, a ful)y •ailored, taped

5 mrllion cubic foot balloon was chosen. A complete df sc"iption of the 'ample

balloon is given in Figure 25-9.

25-3.1 Streo Analysis With the Cap and a 488-Pound Payload

With the balloon ii its design configuration with the cap anc a 488-pound pay-

load, the design shapes i the load tape configurations were ":cmputed at launch

and at a number of alti4 -p to ceiling. At all altitudes below the ceiling alti-

tudes, the balloon was asst, ad o have 10 percent free lift, In this first attempt
;4t halloon stress analysi., r.- ibpjressure region was allowed Et the base of the
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balloon. This causes a conservative analyd is, an advantage in attempting to vali-

date design wurk.

GORE PATTERN: TAPERED TANOENT BASE, FULLY TAILOREO APEX,

IlAXIMJ-'. VOLUME: 5.025x10 6 C:J. FT.

DiA.METER: 238.9 FT.

TA~PE TYPe; PO..XESTER, 5-00 L.B

UORE ¶.ATERI AL: 1.0 M; -OLYETHYLENE.

LAP EN-_-.TH.: 113 FT.

AP ;TF; iAL; 1 0 I¶Lt. POLYETHYLENE.

17 :IIl AV,CAU: '88 UBS. FLOATS AT 119,000 FT.

'IAX'MUM PA-LOAD: 4500 LBS. FLOATS AT 92,100 FT.

IPigure 25-9. Description of the Sample Balloon

Using the design configurations to position the load tapes, the stresses and
+he strains in the balloon film Aerr- compute:] using the method outlined in sect~on
25-2. Figures 25-10 ant' 25-li show the transverse and machine direction

stresses aa a functio nof pes.tlon on the halloon gore from the top end fitting to
the maxirnu.n diamyeter. The high stresses nea- the top are probanly due to the
flat top ; p.ul* of the design program, a configuration that previously has beo.n

shown to vioa~ae for -e eq~ilibriuni on a deformed shape ýKerr and Alexander, 1 ý5).
~ ihebf, high Stresses near t;-e iop of the balloon, it appears that the

big.w~:it rtres,:9,s occur between 20, 000 and 40, 000 feet altitude, about 12 fiet

fromr the top of the balloon. In general, however, the stresses are rather low.

This would be expected since the payload is quite low for this balloon.

!nspection of the transversý. strain characteristic (Figure 25- 12) yields some
very interesting results. During the pass through the tropopause. there is a small
region of n~egative transverse strain on each gore between 12 and 24 feet fromn the
top of the 0.ll1oon. I hir region would look like a V - tet.;ng of the balloon in the
region. Figure 25-1:5 ~h,:w,, a "circumferential sti ýc3' band' reported by Raker'

11966). T.iiis picture, taken of a 9 rn..'1-ri cubic foot baaloon, at 54. 600 feet, shows
a flattened 70giOn almost exactly as preducted by v- 25-12. TIhis is an alter-

nate ex-oIan'v! fcr lBakers "Lstrt~ -v ir
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END~~ FITIG org;.
N........ LAUNCH 'SCALE CMANGOF...20,OOO'i

- I. --- 40,000'
0 5.OX 101 CU. FT.ALLOOM

1.0 MIL WITH 1.0 MIL CAP

*00 PAYLOAD: 48LU. LO.S

4300

100

4 6 1i i6 iO i4 2e 14 34 46 6 0120

LENGTH ALONG BALLOON GORE (FEET)

Figure 25- 10. Transverse Stress C'haracteristic vwith 499-Pound Payload

END FITTING

C•OO 5.0 X 1OO CU. F"I BALLO rN
I 1.0 MIL WITH I.0• WL CAP

L PAY LOAD; 41619 4.
TOO LAUNCH INoAL CHAIMgS.... co IOoO 0 0ME

v 60

1I- 400-o• • ,, .

300-

i i6 i z • o 3",6 s 46 i6 •i~o

LENGTH ALONG BALLOON GORE (FEET)

Figure 25-11. Machine Direction Stress Characteristic with 488-1Pound Payload
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5.0 X1O Cu. FT. UALLOON :SCALE CHAN2
1.0 MIL WITH4 1.0 Mi L CAP
PAY LOAD: 466 L8,;.

z~ 00640

0001-,

It, s t 24 to 3 3440 0 -Io~t

40119I-9HIET

Figure~ 25 1,Irnv reSri hrce itcwt 8 -1udlala

253. Stea AnoooWihuwheCpad.VSPu ala

'Ih lodtp Ifg rto . e ea anC M LPIi a nha d i iiio

blonwvfon.Figures 25-1 12. 251 ho h ransverse atanCaatrsi ih48 ond l'avload

25-3.3 St.res. Anialvyiii Williou the Cap and a 488-Pounid Pay lo~ad

ofVlitudths p ociflngi panlod, the Stresses and strains in .ýC the upper~d regin olth

trbllonswerse found. macintures 25-4 w 25r,-ý 1.5 showithes tranvre aJo.nd in i-chine

25-r6 tindi 2tre17. for't thi ;se. mai lre again theq mdx um :t rth e ocuroeweven,

20.I000 and~i 40,if- 000 feet- ltitude.I ;prxmthf y 12csw feetrf fromt thes topgof the ballon

N!oot wofl thropoause failu itre h~ls of this balloo ha ve ucurcd in wthi maximum~n

Waloith theismarce mu vro inlod the :mtresses andc ct ra~uins were wiiptec. '[ime

500- pourin load tapes were niot ava ilable to the authori ait the ti me )f t hi.L .s t ud-y
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END FITIINO tUOTE."
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END FITTINM mOr."
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Figure 25-16. Transverae Stress Characteristic with 4500-Pound Payload
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I ioure 2.5-17. Machine Direction Strese Characteristic with 4500-1Pound Playload
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350 ,-END FITT -SG 6000
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and "1000-Pound" Load Tapes
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25-4. CONCLUSIONS AND RECOMMEN[DATIONS

The analyticcl procedure presented in this paper provides a simple, conserva -

tive calculation of the str,:ss field in a high altitude balloon throughout its entire

flight history. It uses little computer time and can easily be ircorporated into the

Lallo,)n design pr(;eedure.

Of coirse, there are improvements that can be made. These are included in

the followif g "":comnmendations for future work-

(1) The subpressure region should be accounted for at all altitudes below

c2iling.

(2) A better constitutive relation should be developed for polyethylene film.

(3) ..\ better constitutive relation should be developed for load tapes..-

(4) The material constants for the film and the load tapes sholdW he more

accurately determined.

(5, The analysis should he improved tc., - Lnlt for nonho!1o'eneity of strain

across the goi es and to better determine the goCmetric configuration at the top of I
the balloon.

At the conclusion of this work it is expected that the anl;,. is will be incorpor-

ated into the A it-hl. balloon design piog.,it aid that ballcon d-ign procedures J

will then be modified tc better utilize balloon material strengtc i.-d prevent regions

ot high stress concentrations.
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26. Analysis of a Yarn Reinforced Laminate for

Balloons and Other Structural Uses

V.L. Alley, jr.
L NASA Langley Ie-Larch Center

Harnpiori, Viryinia

Abstract

I-Lquationis are developed for analyzing and optimizing diagonally arj longitudi-
nally reinforced membrane-3 uISOC as a structural naterial. The relzt-onships be-
tween the geometric and mechanical pararnuters aire studied. anA so;cn., design cri-
teria aire proposed. Buckling criteria are examined in depth, and the selectio7, of

F ~parameters to vield m-axih-um- stable load ranges is treated. '1hiough the appro-
priate selection of different materials and the use of the optimization criteria,
multifoldl improvements in performance are predicted .%ithout a w.eight penalty.
Test data ind th _:oretica* results, for, the flight-proven Viking lialloon La,,unch De-
celerator 'Test (131),T) balloon material are shown to give very good correlation.

26-1I. lINTR0DV!TaI0N

A lightwxeiglit high-strength reinforced my'ar laminate has been developed in

c~onnectioni with the Balloon 1.aunch l)eceler--tor 'feat (RI DT) project of the \isinrg

program. The rmuter i l is fur use', as the gais hag ,t ri tture of the ma~in 0-owe r'

balloon of the large free -nfight, two- stage balloon uspd to t; -r v lthe 'M~ii' re -

enitry capsule and decelerator sY~stem of the Vihirg payvload.
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Balloons have many other current andi potenticL uses, ind their reliability,

load capability, and application could be exteded oy impre" ients in the mate-

rials, improvements in the fabrication techniques, reduction in cost, and improve-

ments in the balloon material manufacturing techniques. Balloon research has

tbeen minimal and has slowed the growth of balloon use for varied applications.

Balloon interest is of a national scope and far exceeds the specific involvement in I
the Viking Project.

- For example, briloon,; are being used for freight hauling, logging, microwave

relay -, •t,ons, television surveillance, radar platforms, a variety of rni'tary ap-

plications, border monitoring, -nd night artd day surveillance. They are ýapable

of extensive measurements of Earth resources, atmospheric samplings, high-

altitude optical and radiation research, pollution detection, nnd weather watches.

They are useful for high altitude drop tests of research payloads of sizable weights.

fo- fi.ch spotting, and for stable platforms for large antennas. Other possible ap-

plications are for police surveillance of urban areas using infrared optics, the

transportation of prefabricated units (such as houses-) by helicopter tows, balloon L
supported train;-rys for short haul moving of cargo and or people, and control of
lighting in critical areas and over dry forests.

The many applications for balloons are an impetus to improve and ad-.a'riý,, and 4a
A

optimize the mnaterials that are used for balloon -onstruction. The potenti ,I seems

to exist to greatly improve current materials to the point toat a fourfold increase

in the -material ultimate capahilitv can be realized within the same weight con-

straints.

t-'urthermore, in regard to toe material elastic properiies, essen:iai v nothing

has been done to acquire the material coefficients needed to ac sa'uctural Arnalvses

of the membrane systems. 1 hiese coefficients are known to he nonlinear functions

of the membrane stresses in the material. In order to accomplish sophisticated

structural analyses on balloons or inflatable mernbrane structures, it is essential

th at a macrasc cpic ,.pproach to '11r0 ,tarial -echai U UmtfId l, B ) I B,

order to achieve this o.' af a alv.-j, it is dlesiricble to have a full net of the gen-

eralized Ilookian coefficients for the composite planar laminate. I hese coeffi-

cients are nonlinear and stress deporndent and fail to meet the usual reciprocity or

syn:: metric condi ions rhat are fond vwith oad inn rv str'Ac-ur al ni materials. tense

quently, the six coefficients that are a in axi:'imum for twvo-dimen.sions l stress solu-

tions of usr',; a:tte riala need extenditug to a total of nine iiid-pendent nonlinear

Ilookiar coefficients for a con:rlate tad erstaridifng ,nd a full ane accurate assess-

nment of the tiateriil belhavior,

The problems as; seci ated with en-kilinig a!nd nata prace-;siszg for a cqui rifg

the gr creralized set of Ilookiin coeffici.',lit for a, ni,, roscopic tre:iatment of a ftla -

nrier-tal material previously l 'iv l been ouitlirn d ;n detail (.\llov nr 'aisn-i 1 ;1t):1

an-I 1,).
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L rhese procedures are equally appichabdle to the lamninates used for balloon coostrur-

bion. Nennier (1972) has investigated examples oif the use of the nonlinear Ilookian

coefficients in in rge deflectcion uornlivnat'i membrane ace lvse3 by finite -el eracit2

methods. Trhese references indieate the vast. a mount of material dat; necessary

for adequately analyzing m~emratrne structures 'nd reveail the gre-it void that exists

in such info rn-nt on on fabrics, me nihraties, and lmninates currently in ase as

structural materials.

The present paper deals primarilyv with developinig and optimizing .9 bAllonn

rmtenral w ith; specific app]i rat on for the % iking I '"0 ect. Tiet Proposer Vikhitng

qual ;fication test balloon is a tandem I vpe ha.ving a. 5 trillin cuboic foot latin i

bal loon that carries aloft the train h t llonr hnvaing oi ful irnflation capacity of'

34, 000, 009 cuoir feet at the float ,ltitude of' 120, 000 feet. The bqlloun savatem is

in it is .ll charged with 300, 000 ciiii Ce of~ :tetintim A sea le':el, atnd as it ascents

and the atmospheric pressure drops, t he. heliumr expands and transfer;z fro in. the

hu xnch balloon to the insain balloon unti it reaches its fully expanded size cf approx-

taMtel 3 4. 000, 0650 cqiii feet A Axcry c-nt i al situation exists in this qt t of bal-

loon, in that ;sý it passes throug h 'he t rapona -m:Se its4 irateriil atr5 i--c siil;uected to the

severe cold quench reachingo terinoet-itucc- Prounid -70ý to A0I. t these tern.-

peratures, the usual polymeric memibraine material of the bailloon, realches a highly

glasscot; phise where it Weoim en extrccmelt- brittle, and falRe in irndocc-; by al -

most any smn; I st rA ii. 11 nfori-wiatelv (luring this t iopopi:use c-S the, balloon

has not been folly inflated to the smooth, uniform axisyrnmetric onicrn shape and,A

-- ~~~as a result, the irregiilr s KT-nlae hpe is sthjert to mninn nonaxis -rnmetric

perturbations whic Wt i turt pr-oduce shear st resses and local stresses and aggra -

Evate the stress condition at the los: tv 'pe rature. in iddi" Oir, cmircont bailloon dec-

sgn tcchnologyv is al Imost tot; 1Y> as i upon the al>.;of the Io -loo at 0en;-

pletelle a~symnietci c condition. \cry Witle. if stix. qua dittatix a infot-nat iOn exists

as to the s igiiific anc of as-ra metric p' ametrics and; thos trnov a040 biaxial

str-esses itd iciP sh-ni str-esses tBa irm introduced.

In Ihe eachv piiasi-es of the 1 kning program, . it-c tang"':-; rv~a-t-A-eigiwrec

rr-.ar %%airic xs pronos~ed Unvit is -rchknowýn :I leno cinilantinato-. Ithc

lena scr-:n latnuitat has been ased cxmanskx- clx in suralier 4310l0o, rom traction i.

the past. it is comptrtiseud of a nnlAr !wic nmemhr~ine Wht is hot iW~ed to a I arri-ot
tart r t-m 'it.-1 -ha! p vfr : ];I t, !t-rA';a ',-r inch it:

r-:ins erne direction.. : ad six tthr-itt per- Air iv the loingitAdir;. dtirortnin of t ne'

I -: liii- ft-e . am.,entfia pimýcple rif tic- laiiiin-it-r! !r actr!:?e (I! the itadllcna is

t~t ! -- ,: t n "tui-iii- ,-- i >nf r - I CeS Ip t tO 1 1 iK C .Ci t)I-INI Irti i- lo , r -tvet,.v t rio-i -

a: t~tt. 'or0 irI: r is cdpwtgin-' to prwr wt-i "a W; iner ni-. di imnec-:t % i.)

;cm; to thlL. p) .1;( tal exists in t!n- pr-onii- it th-ei-msic of&-Ion i-arcb-

i: : t;.f) t -, .i!- " - c" ; - o r- - - -"ri u c -!ý v -i I[.%! i
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The validity of this concern was studied by finite element structural analyses and

followed up with experimental tests- These analytical results and experimientel

tests clearly indicated that there was an adverse depg'meration in the structuralA

ability of the lena scrim laminate at tropopause tempe,*atures aggravated by the

pr-esencp of shear loading. To establish realistic levels of shear for balloons is

currently impossible; however, consideration should be given to the reail problem

that shears dr, exist in the inflation stages in particular. A materials developmnent

progiram was initiated through the Viking Project to obtzin. - nnaterial xith in-

creased structural integrity over that of the lerio scrim larnioate with the ma jor

objective being to carry the biaxial stres..ýes ~long with the presence of moderate

shear stresses.

A ielctted and comprehensive reportt on some of the experimental results onl

candidate materials for the Viking application is given by NiccuM. (197 2). %ilanu-

ft~cturing robh'r-ný arc disi(-rssed, and tbe technique and facilities for biaxial test-

ing with sliez is given attention.

This paper considers the optimization of the reinforcement pattern %vith respect

to the amount and distribution of the yarn relative to the base mr-nebra.-,e. The

equations for considering these factors are developed in dF tail, and numerical data

tare E-quir ed To show thre rrear-optinrum~ geoirieriic &:16 IICCrISalicoil characteristics

to be achie~ ec and incorporated in design and implemented in b. Iloon materialI pro-

duction. Also, correlation~ of theoretical w~ith experim~ental1 results is presented.

26-1. SYMBOLS

A. i Cross-sectional areas of diagonral %arn anid

ii longitudinal yarn. respeutively, in). (m 2 (

AFi. AE. Project of c ros:- sectional are-i an! Young's
u .mmodulus of the ij and jmn diagonal ya-nis.

EtA : r.Product of cross-sr'ctioral area !nd You)ýng
j .rcmodulus of the iwm longitudinal Yarn, 1lb (N)

11C C2 2 C 3 3 ( 12' C Coefficients of matrix, E'q. (26- 15a), unitless

V VYoung's modulus of %v:-rrn '--uterial and mem-

"brine mater-.al, respectively lh .inl.- !'-')

vt MNembrane mocdulus of elasticity 'tn res memn-
brane thickness, lb in.. (N .m)

f,~ fi , 'r ~im Forces, in the ii aind Im diagonal. v-irný and
in. the im longitrid in~il %arnreset c
I~, (IN)

PX ' %,.ver,-ge ipplicd rncmhr-'~i.u loaids 'rer unit
length ini the x and vdi rections, respectivelvý,
I*D i. (NN r.-.
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A

P Average applied memb,'anE shear load perxy unit length, lb/in. (N/m)
q (0. i) Characteristic function relating optimum

conditions, unitless .4

v rI, r 2  The larger and smaller root of the membrane

stability Eq. (26-23), respectively

t Thickness of membrane, in. (m)
t Thickness of adhesive coating on membrane,S~ in. (m)

u. v Displacement in the x and v directions.
respectively, in. (m)

w Specific weight, weight per unit Prrý of the
reinforced membrane, lb!in.2 (N.in')

x. y Orthogonal coordinates, longitudinal and
transverse directions, respectiN-ly, in. (in)

Xy Shear deformation, unitless A

i EStrain in the x and y directions, respectively,
Sy unitless

EA.
41 = -Et Parameter, unitless

EA..
['2 =. ~~Parameter, unitless A

3 Parameter, iirtless

Angular orientation of the diagonal yarns with
respec, to the x axis, degrees or radians

X + ta)/t Parameter, unitless

Poisson's ratio, unitless
Deiisity of yarn xintez :dl ýitid iriei'ura~ne

-rnateri-al, respectivelv, lb/in.3 (N/rn 3 )

x Stresses ir the x and v direction-,, ,-eqcz-
y Y tively, ib/ir..2 (Nim 2 )

Designates the maximum and ninimuryl p-'Kr-
"max. inmn cipal stresses, lbiin.2(N/rM2 )

" Sheair stress, lb/in.2 (N 'n2)xy

A Elongation of the 1i ",_-,, ,:i. (m)

*. , .. Strain in the i-. and iý yarns, respectively,
irn ij unitless
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L Subscript,;:
i . i , mn Designate nodes. or subscripts, unitless

uDesignates "ultimate''

Matrices:

LI J L
Oenote square. columnn. diagonal, inverse,

F an'd transpoaje matrices, resp~ectively.

26-3. A~NLYSIS

The derivation followis for the equations relating yarn forces, membrane

stresses, and related strains to the applied uniaxial loads and applied shear. Also,

'he conditions necessarv for memibrane stabihitv are defined.

26-3.1 Auaumptione

T;,e derivations are based on small dcflection- linea- theory and aSsume iso-

t-opic behavior of the rcnernh)rane. The assumption of elaustic behavior is poor for

both the m-emnbrane and Yarn at roomn teioperature and for larg- straina. However.

focr tropopauise temperatures for which balloon materials are primna 'ly critical,

and for which this analysis is directed, the assumptions are reason .blv good. In

the use of hfook -'s law, the coefficients of interactions of the first and gecond kind

are considerad zero, and material conservativeness or s.,r.i-ietrv if a.;sumned. In

addition, it is assumed that comnpressive fnrces cannot be sustaineo. in oither the

yarns or nierithrane without bockliog. ;nt' ~n xternsl tensile armdý shear

;airf -ppli'd, An e-ýcer' ion to t>, "Suraptioai tha! carnpressive
sztressesj (-al he ist.,ined in the Yarn, !mhran is stakhe.

26-3.2 Kepctitive Pattryi

TPhe analva;ir of ai Lniformil' stressed infinite field of fine mesh, reiinforced

-material cain lie reduce,] to the ;irialyvsns of one element of thle repeating p;.ttern.

For examiple, the di ugon~dly rei nfu rcc6 ir~te nial uispd in .thle V ikii-g iballcoons re-

dunces to repeuiteri paraillelograms of thi: sort qhaded in F'igure '2601 (;0, \% ith closer

ins;pectiori and cons:irlvration, it isý seon tha,,t furthur snimplific ition ( mn he .ichiev~ed

cyav.ithin thf r~lw o~ n, sinco twn 1n1hn~ ;1ll of thle shaded p 1ratllclgr 1n;

is intis.vnrnntiic to thle r i~nht-hanad half. l1insc., !lif' pr uhlua i~i ,in be re'Iucel '.o
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the analvsis of a single triangular elemernt of the material such as indicated in

Figure 26 -1(b) by the i, j, m element.

Figure 26-1. U-niforr-'v St. Aec and .Ske"'ed
Reinforced M-embrane and 1,- 'e TriangularI
E lement

In the following section, the stresses in i'p memb'.rane and the force-s in the

yarns will be explicitly derived in terms of the strains;.

26-3.3 Membranie Stre@Aes anJ Yarn1,orceA

Assume that the total stress field is due to uniform strair: in hoth the y and x
directions and shear deformation yx such that any point relative to the xV

coordinate system will experi-ice th~e displacemients..

11 x YX (26-1)

%, v (25-2)

L ~I V kcujivuniueric anid sinmpiification, choose thie origin of the x , y coordinatp Sys-

teml to c.incride- with the, ith node, and] Set Ui V. 0. ( -Ahstituti ng the coordli-

7 nates for the 1th and rnth niodes, will yield the niAdAi displacement., in terms of the

uniform feld st misad she-mr deformTAtion; that is',I I 7ijx (26-'0

I-V
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since

Ym 2y and x 0

an~d

Wv 2y. E 2v, (26-4)

For later convenience, E-q. (26-4) is carried ioeparately from the matrix set sinceA J

it is linearly related to the second row of Eq. (26-3). The membrane forces are

assumed linearly related to the strains by the iisual stress-strain relationships.

If the s~resses are multiplied by the memnhrane thickness, then the membrane

forces are obtained and the neemhrane force-strain relationship result is -Is follows:

Vt 01

a[he A (26-5)

K Theextens ions of the varns to maintain compatibility with the nodal displacements

produc:e yarn s'trains and virn forccs. Considrcr for example, thp yarn running

from node i to node j (Figu~re 26-1t)). l~ot small deflections, the elongation of

V 13 u cos~ Y v. in~O - u cos 0.- v. sin 0. .i63

ll~ it is r'e idilv seen tha't

X. X

Cos 0 'I (26-'7)

sin 0. 1-~ (2_______ 5
X 4 1IV N ~

'iihsititng (26-71 ;,:0 ('216 - in ý?6-6) ;-nd div idIing thru- .ut 1n th" ,-:r'n

lenrgth w~ill Yield the 5itr;iin in ine '..irn, In tsrimiI:it ucin; ner' irrl %ithi.irpir

inter :h-inges o~f s~ih-evript:i, th'' 0tr:6rir-4 ~ thue uitneo ":.11S C;1;: !, ~) u-.ý'' l

tilig thr. st-:!I!1S hy their ;iwlhrv "r;--')rIini :rcs ;rg'; inrrrh~
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will give the forces in the three yarns. ilecalling that the ith node was chosen as
the origin, hence. x v , . vi and x1  are zero. Also, observing that

'1,Y n
- 2v. tFhen the forc,?s ini the yarns cain -)e expressed as

J

AE. AE..
0 U.

f~ M 30V . (26-9)
IM2 1 + ,2 'I

X.A. A E. x. A]-:.

~Irn~ in m

Sulostituting Eq. (26-3) into Eq. (26-9) -.,i.i yield tile yarn loads in terms of the

strains.

Sr 2 X! .2 -N'2
A.l-j E. 0 (26-10)

(imn) L. 2n IM jmIVT2

26-3'. Aera~Appled l~jad

26rce.,i thae Appdirecto L o veahds ~ h x'gvste vrernin odI h

-icsi h direction ofe iept: 'x gvste vrcg unn odi h

Yj diecio of

pv z U1 4 4 -4-------(26-1 1)
F-- V- -I. X. -

7x X/ Jx 4 V1  
2x. X 4'1 v

Siiarly, sninlirlirp f'rcc(s £)il I if','Ir(- 26-20,) in tliv x Oirectv-rm over thei pitch

2y [l* ives the averagf: tunillilig l0;1( III tile x (Iirecntio l,
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im I Ir
im t

i ?ýj

!f

-. j I-II
Figure 26-2. Boundary Forces on Edges

Sx.f.. .i.f.

Px Oxt+ a• +m (26-12)

2y. 2. v

The average running shear (or shear flow) along the edge can be found from sum

Mring, over the pitch length, the boundary forces along the cut edges of either

Figure 26-2a or 26-2b; that is,

1f.. f.
SPxy T Xy t + r - -m (26-13)

X2 2 2 2

2 * 2 j

Equations (26-11), (26-12), and (26-13) can be succinctly stated in matrix form as

P 1 0 fi0 t_F

yP x 2 + 2 2

2 
j

LiI

26-3.5 Explitit Solutions

Equations (26-3), (26-5), and (26-10) express the displacement, membrane

strinSRCs, -,-d -'arn 'orces explicitly in terms of strain. It is desired to achieve
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expressions for these parameters, along with the strain, in terms of the applied

loads given by Eq. (26-14a). This is achieved forst by substituting Eqs. (26-5) and -

(26-10) into Eq. (26-14) and solving the matrix equation for the strains; that is

•. x. X-- AE.. x.

x2 j Yj -T R

X j 2AE. x. ( ? 2)

L _________o__,__ AE

[- For future convenience, Eq. (26-15, mna" be denoted as

' I [- l C12 0--X")

0m
-Et . 22 X (2 -

AE. x Px

L and performing the inverse operations and observing t',ot C 2 1 =C 1 2 , and

EA 0 1A 0then

F ]j rn
I Y L

S( v ]:t((:ll ( C 22-( 1 ) , '12 i lC ( ! 2 tp 2 - ,-b

0 0

2'" L
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F1

•~V.

tan
Xi

and

I rrI

then 'he coefficients of Eq. (26-5a) oc Eq. (26-15b) are as follows:

12sinO.

C C sin(' Lco--+ n1 2 2 112 _42 13

(26- 16)

( - 2+ + 2 sin"

____ 2
('33 2---•) r 2sinO cos 0

Substituting E';q. (26-151)) into ]:qs. (26-5) and (26-101 will yield the membrane

forces arid :'arn forces as functions of the applied loads.

F- ) ('1 2 1 I '1 ' "2i("x

11 C

t ... 0 t * 1•
33 1 1

SC .-,- -, -
rC ! ' i -C 12'""

-- . C~. Lu:

xI
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Equations (26-15b), (26-17), and (26-18) provide all the essential data on the

strains, stresses, and yarn forces. However, these equations are valid provided

the normal stresses and yarn forces are all positive, with one exception. Com-

pressive (or negative) stresses occur wvith buckling when the minimum principal

stress is equal to or less than zero. Yarn buckling is assumed to occur whenever

the membrane buckles. However, it can be shown that compressive yarn forces

can exist when the membrane is stable, and thiL phenomenon can occur for smal'

yarn place'ment angles, 0, along with low transverse strain.

A

V 26-3.6 Buckling Bounds

The maximum and minimum stresses in the membrane zre given b,

i O~~max, mTin 2 k" x0 mx.mm2( a) 2 (26-- 19)

Substituting Eq. (26-17) into Eq. (26- 19) yielas the expression for the principal

Sstresses in terms of the coefficients given by Eq. (26-16).

Otmax, min C C CC

p 1 2 1 2 12 +..

C 4 C 4 126-,20)

+ A 22 12 '-2 '1;-1_ J 1

The maximum principal stress is obtained bY using the plus sign of the radical.

71Thc minirr.--m otrchn i cancd hv.s... the ,_, .. :;ign. '1or the rainirrum st-esA

to be equal to or greater than zero, U. ;,nd oi rnuw;t hc eqail to or greater tharn

zero; hence, from lq. 12t-l9)
L

Q 40 U a",)2.x - V, > 2
7- 2 X (26 -21)xy

"A-here the radical on the right-hbind side is knw-.n to he tho maximum. qt e..r strros•s,

xy max

Squaring bth sides of Eq. (26-21 ind simplifying yield-;

> , 2 ?
PC r fO r -( f .t - 22)

x V X%' rn ln
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Sub.•tituting Eq. (26-17) into Eq. (26-22) and rearranging yields the conditional A

equation for a stable membrane and for the conditions in which the foregoing equi-

E tions are valid.

( 2 2 * M 2 ) (M 22 - 2 P Iy() M 1 )~'1 ~~(~ 2  l)

(26-23)

( 1 C 2  ) H M) 1CC 2 2~~II (uCati - C12) (C]I -C12 - IIC22 1 th 12 a wn'(33 2C3

"Equation (2-23) is an inequality of quadratic form in px/Py, and when solved for

Sits roots it wili relate the parameters defining the bolndt and regions of stability.

If r and r 2 are the root's c Eq.. (26-23) an 1 r1 is the larger of the two, then

buckling in the rnemhrane does not occur if

A - C1 2 > 0

and

( - r 1) (P - r 2 ) > (26-24)

Thus a stable membrane exists for these conditions if

P/Py > rI

or

p0 D-x- ½ p-veI is positive0< -X < r2pO.d,]2.

P, 2 ?O'li z2 P"'i

However, if

22 - 1<

then the condition for stability is

( p - rlI (px/P. - r ) 2 0 (26-25)

an(I a stable rmemibrane occurs only if

r 2 < px P, <r
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and A

The latter equality is always satisfied, since only positive p /D values are neces-

sary and practical to the rea-- problem..

20-3.7 lAseight Coiim~raini

A major objective is to minimize the membrane principal stress, tm a x witn-

out a weight penalty. By an uninhibited application of yarn reinforcement, the

stress obviously can he reduced, hut at the expense of objectionable weight. AA
Constraint relationship can lbe generated that will permit parameter variations

L while maintaining a fixed weight of the reinforced membrane.

I rom Figure 26-11), it can be seen that the weight of a single triangular Ole-

L meent i:. equal to the sum of the weight of the triangular membrane, one-half the

sum of the weights of the t'o diagonal yarns, one-half the weight of the lon-gitLIdi-
&W hal yarn, and the -.%eight of the adhesive coating. The sum of these weights divided

by the area of the triangular element is the specific weight T of the reinforced

merne."rane; that IS,

Nk' .1 t. - - - 2 - 6

S• '.0-te:re

St-i t

au (26-2;)

S•~~~~ til•iv;:;g thc :. ",n-I f, p rar•..ctcr.s i:d lutting•

-.- I) :

t I. . ..(. I6ij-22 N c omrs

LJ

- nth p I ( p- -e- c--
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1M
= - i-- isin e. (26-30)

Now X- will always be positive. Also, since only positive material char-P mt

Sacteristics are meaningful. then

(26-31)

if a constrained specific weight is to be a constraint.

Using the constrained value of - 2 given by Eq. (26-30) and the limitation im-

posed on 1 by Eq. (26-31), then Lq. (26-20) i- of primary value for minimizing

the membrane stress with respect to the applied loads by varying the many param-

V eters of the laminate.

26-4. DISCUSSION AND RESULIS

In the foregoing section, the expressions for membrane stress, yarn forces.

and stability criteria were derived. In this section, practical consideration of

W he!e analyticai r-ezuits will be discussc in vicw of the selection of optimum ps-

,ameters, and some comparisons with test data will be shown.

26-4.1 Stability of the Membrane

The root systems and stable regions are illustrated in Figure 26-3 to sho'v

their importance to the laminate's performance. A generalizcd "b" form of the

quadratic stability equation (Eq. [26-23]) is used in Figure 26-3 to show the e.fects

of signs. This is essentially a graphic display of De.-:carte's rule of signs fir the

two forms of the equality. Since a good laminate should be toltrant to ,' wide range

of /p. values (0 to 1. 0, perhaps), it is evident that the connitions of tve A and

B coefficients leading to (c) and (d) for 4iC 2 2 - C 1 2 = 0 and (a) and (n) for

jiC 2 2 - C 1 2 < 0 are pertinent for a wide range of laminate performarce.

It can be shown that the factor gaC2 2 - C 1 2 . associated with the two different

inequalities displayed in Figure 26-3, is identically zero if

IWr t t\ a~ El. P in 2 0 (Cos 2 &-Msin 2 
). . . .. .. .. Vq(O , p ). ý26-321

G1pmt E l: mPy (i sin 2 & cos 2 6 - in q)

This vaiuc of .1 is henceforth defined as j. cr a- nd is an imo tant relationship in

light of its influenct- or root characteristics and also on optir. im performance.
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ijC22- C 12

2A>0, .0

(2) .A(T) .e =0 10I 0 -STABLE

xPiy ~iy 21 -04----- P'1P
Px A<0. 8) 0 -AJ2

0A>0, 8< 0
P

P~px A? y Y-

fb) r fl --- '.

iPC22 -C 12 <
2 AP A> 0.8B>0

, A-. ,xJ .B 0 NO STABILITY

t ~-A?
n- ~A 0. 8)>0

Ip 2  Py '. r

Aid. 0, A B

A 208<

r A.'
81~ PXr I 1

Al??

Figure 26-3. Nohots and Stable kShaded) Ranges for
Various Conditions of the "b" Form of the Quad-
ratic Stability Equation

The function of the q(U. gi) being independent of ail of the laminate character-

istics except 9 and p, is tabulated in Table 26- 1 for a u.seful range cf thetas.

Figure 26-4 illustrates the dramatic difference in root locus plots for a differ-

ent relationship of t o , c r *For > 0. 39, the typical root system is al-
wavs continuous with 0 < e < 90' as shown in Figure 2 6-4,a for T,; 0. 60

(Viking). 11f < 0. 39. therf will be a range of 1) s in which ~ ranJ

the asymptotic root behavior aF; illustrated in Figrure. 26-4b for P, ~0. 067 will

occur.
The system of Figure 2E-4a offers the most stable situation, although the

characteristics of Figure 26- lb are no' generally. objectionable unless the region

between the asvmDtotes os r rn-cz rn"'~1 ' lý than unity - o-ts

significantly greater than zero.
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Table 26-1. •,1 cr!b_ Versus 8 for i.L = 0.3 • T•

zi
8 ~)~) icr ,

0 0245 0.3856 1
21 5 .3137 60 .0588

30 3600 65 2280

2 22
in (cos2  - sin2 61-

(P sin 0 cos c - j) sin 0

t +t ta m Ev

pmt t v rn .

7
CL

I 0

S, - _ _ _ ii .

Fi gure 26-4. Iloot L.ocus Plouts Versus ci far V'alues I
of •1 ';¢ (reater Than and L~es.s Than 0.391

26-4.2 Vik zig I.o ltd I actor•

The Vikingi BI.1)1' mat.:riai hasi a "-1value of 1.66 times the •!.* ' value.

50-1

The diagonals are placed on a 30'° :irgle with intendeJ apices intercepts with lon- =
gitudinals sp~ced two per inch. lie hasic dirmen'sicrns and characteristics follow
on Table 22-2.

3

I C A F'I
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Table 26-2. Characteristic Data for the
Viking BLDT Balloon Material at -90°I'

AEij (440 denier Dacrca yarn? 60. 86 lb (270.7 N)

A (1300 denier Dacron yarn) 181.2 lb (806. 0 N)

t 0. 0035 in. (0.889 X 10- m)

t 0.00015 in. (0.381 x 10-5 r)
a 3 30105 lb/in. (13,575 N/mr)

P py0.05 lb/in. 3  (12,575 N/r 3)

"Em (isotropic mylai. 6.2 x 105 kbin 2 x 10 N/m

E 11.28 X 105 lb in. 2 (7. 78)< 8 10 N/m 2 )
y

x. 0.50 in. (0. 01 Z7 m)

0.30

m (vendor's data) 18. 000 lbiin.m2 0.24 X 108 N'm2
M. u (1.2 r

(ven'or'l data) 140. 000 lb'in.- (9.65 Y 108 N m'2'

f (1300 denier) 22. 39 lb (99.59 N)im. u

f.. (440 denier) 7.58 lb (33.72 N) I$ l]j, U

w 0.576 X 10- lb/in.2  397 N/m

I1. 67 unitless

0. 3359 unitless
1. 500 unitless

X, 1.4286 unitless 5

SWIP t 3. 29 unifless
rn

i 1 2, 796 unitless

areai/denier (Dacron) 0 123 , 10 in. 2 den. (0.793 X i0-

mm'.!den.
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26-4.2. 1 COMPUTED LOAF, FACTORS

The load factors py /0 t for the Viking material have been computed from the
ym

inverse of Eq. (26-20) for the applicable coefficiens given in Table 26-2, and the

results are shown in Figure 26-5. Two cases are presented. Figure 26-5a shown -

the load factor p /o t for the mainline Viking BLDT material (1= 1.67). Fig-

ure 26-5b shows sintilar data, but for •1 = cr' There is considerable differ-

ence in the behavior of tie load factor with the transverse load p /py. For lowx y

6-~ 2.80. P .0.3

1.67

j . 3.29FRX - 143 1.0 1 * C

.4 2 ~ 86FO -0

~ .0

2 1.0 -r

.4

(a) Viking Mainline V Viking Optimum •I
SBI DT Mater1-i and 0

Figure 26-5. Load ].3ctors for 30' Reinforced
Membranes of the Viking Type

values of shear, the nair=line mat rial is better than the material for
1e l cr

low -'slues of P p/ . However, as the transverse load is increased, the mainline

V \iking material hits a maximum and then degradeý., The ],cr materia!

continues to improve with increasing 'xIp, loading. Of most importance is the

minimum performance the materials 1.ossess under the possible combined loading.

For example, if the destgrn requires a material to sustain biaxial loads ranging

fron; p X /pv p 1,0 in the presence of shear loads that :-night range from
0 !r Pxy p, y 0.G, then I- igare 26-9,1 shows miirnimum p .a . t ratio of 1.32.

For 1-irnre 26-51 shows a minimum p,.'0 t ratio of 1.67. For F"ig-

tre 26-5a, the 0x/l,. 1.0 curve is tne -ninifmwin hound, aid for Figure 26-5b.

the pxy p V rI ithe largest root of the st;ihility- equation) is the minimum hound.

A similar .stuaility howid exists in I ig:lire 26-5a, except thAt it i, not the iniimnimum

bound of die d uta for the range of load .c.

II



Also shown in Figure 26-5 are the weight ratios of the complete laminate to

the film. If the adhesive is assumed of equal strength and similar elastic behavior

to the base membrane, then X is taken as unity, and the weight ratio is 2. 86. If

the adhesive is considered nonload carrying and only additive weight, then X is

10/7 for the Viking material and the weight ratio is 3. 29. A good measure of tih:

efficiency of the reinforcement is the comparison between p y / a t and W/P t.

The weight ratio indicates the extent of weight increase over the base membrawal.

and the load factor indicates the increase in load/unit length that can be carrie I,

the composite with respect to the load carried by a unit length of the mernbrnro.

It is apparent that a weight penalty is suffered in order to provide a material can:'-

ble of sustaining biaxial loads along with shear. However, for both the optimum

t1 and nonoptimum ;I cases, the laminate load factors outperform the %veight in-

creases for low values of shear and, if the adhesive is considered, comparable to

the base membrane (X = 1). A parasitic adhesive is obviously an inefficient fea--

ture, and the strength ratio is less than the weight ratio.

26-4.2. 2 TEST DATA

Viking material of the type of 1'igure 26-5a has been tested extensively aft !h,

G. T. Schjeldahl Company and at NASA Langley Research Center. Test's vcre pc'!-

formed with cylinder test specimens (Alley and Faison, 1972a; Niccurn, 1972).

Both test programs were performed in -90°F temperatures representing the

tropopause environment for which the material performance is most critical. Th,

test data have been correlated with the theoretical data, and the results re pre-

sented in Figures 26-6a and 26-6b.

In order to make the comparison, it is necessary to assumne that onliv stable.

membrane data are applicable. Also, the parameters necessary for stability i ,.

known only from the analytical data, and the test points are selected by. such. Ia

addition, it must be assumed that failure occurred in the test specimen w.heno

amt = am, ut (the ultimate membrane force). Hence, for a test point hnving

known py, 1,/xPy and Pxy/py, if rn t = , 1 uL. then since for linear ;ii.l'"-;,

the stresses are proportional to the forces, it follows that

a t = a t (2 ..
0m,u a

The right-hand side of Fq. (26-:Q3) is obtained from Eq. (26--20) v'.-ih i !e i :,.

equally valid ratio for the ulti m;Lv e conditions equated on the left. ';inacc ,ntv ,

dor values generally are ivail:ible for the 11ltimiate rmler alhl'tne .qL r'.;s, n1 '1

more appropriate value was extractied frnnm the te.;t. (I aa b.v us ., ot' ;I -it- sq

fit. Letting
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p !o t = ith calculated data

y m~

and

Y = itlh test data,
C ti, u i-A

then the best fit between the calculated and tesqt data for k test points is obtainable,

provided -

k2

b ~ yP Px" ~

__ igure I t-6. ohn 0 . (26-34) A

p !p

rrl

-4

Matera

\" 2
'a: NMA$ PCa.C I- 6 c1 S cair AH[. I - 71 :h';

L i

y Y, l

' igure 26-6. Comparison of 'I heoretical and Lxperimental

Membrane loid Factors-14 -- for Viking ale. Beall.oon

Material

I:((juation I z6 -34) vifAds' the value of 0 t that provides thi:- hest fit; that ig

k
V 2

V.u

Cy t-26 -3 5)

I, roni 47 st~ihje test vul-als acquired at the 1,1C, the VL.Jue for (f t wa

(I t er riIIn n(A t o be 8. 1 1~ hrin. 114 £ 4 N ; i n). Fromr, 40 ,itablnevi c tested -it the
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Schjeldhal Company, the value for o0, i was determine1 to bae 5. 70 lb/iin. (998

N/ni). The comparisons of the test dati by the foregoing methods are shown in.

Figures 26-6a and 26-6b for the LRC tests and for the Sebhjeldahi tests, re-

spectively.

The vendor data for the membrane. ultimat~e would indicate values around

6. 3 lb/in. (1103 NIIni). However, it should be understcod that the 0. 35-mil thick

membrane tested had been coated with a polymeric adhesive film giving a total

thickness of about 0. 5 mil, If the adhesive has comparable elasitic ard ultimate

straini conditions, then it. can be expected that the ultim mte nmenil;n trnt

coild obtain valuez as large as 9. 0 lb/in. (1576 Nirn2 ). The analysis permits

treating the adhesive contribution in only two ways. It can be ass~imed that no

strength is added bv' the adhesive and only weight addition results. In such a case.

t~t

where ta is the adhesive thickness 2nd t is the bare membrane thickiiess. flow-

ever, if, on the other hand, the adhe3ive is aissumed to have physical ind niech-

anital characteristics equal to the base membrane, then X is taken as unity andt

is considered to denote the combined thickness of the membrane and adh,ýsive. In

either case, the manipulation is carried out within the definition of the yý coefficient.

The *1ifferences between the Schjeldahl and LIIC cr t values obtaine-d fromm, u
least-square considerations could be attributed to the differences in the seam ef-

fects, since the test cylinders were of different diameters, It is thought the seams

contributed less to strength in the larger tes-t specimens used by the contraci~r.

Also, most of the Schjeldahl test points were for large values of p ,;p /p,, where the

determination of stable or unstable membrane behavior is highly sensitive and loss

accurate. The indications are that if membrane buckling occurs, the failure leve I
is crinsirlerably lower than the ultimate tensile mnde oi failure and would lead toa

low v;.hle of Ca rn u t f the les-'uieanalynf~ incl-,dcd dtapcints; fromn th, ut-

stable regions.]
In Figure 26-6, the test points ar'r defined by circles at their respective

Px /py and py 'a values, Leaders are drawn from eachi test point to the appro-
priate p xI p v alue for the test. For an 'ýxact ;ngreernent, no leLdor woul'i he re-A
quired. Considering the large variation'; experienced in the rupture of relinfoarced

laminates, it 13 felt that the theoretical ind test, correlations Lire very good :and

clearly substantiate t.he chrraoteristic behavior or the litniin;'e with the controlling

param'eters. Perhaps the lo~er plas- ic and moore lati charaicteristics of poly-

mers at the very low temperatures a .tnibuted t. tihe gerier:illy good ati;ilyticril pre-

dictionis of failure by use of the line ir theoiv.
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26-4.3 3FUnnianiParan eten.

ft hs ben oun tht fr r, = the minimumn load factor, p lo t, en-

counitered is a maxi M~m for all possible combinations of likely' loads. This is

riov. - ;.aphically by tne data of igure 2-7 for a yarn placement angle of 30'.

These curves represent the minimumi enve'opes of data, such as, those displayed

for i~load factor .*la t given on Figures 26 -5 and 26 -C for various ranges of

p pand px /p~ Fhese envelopes, called anin-bounos and shown, in Figure

26-71, have been compiited for values of from f0. 50, 0. 75, 1. 00, 1. 50. and

2. 00 times tho critical for- thfu 10' rejuiforcemient ingle. [hle e-ivelopes are

shown for values Y 0. 75, . 00, 1. 50, ot di 2. 00. For all cases o,' 4, and particu-

larly for the larger values, the hest lo:td factor to aiccomimodate an'.' nossible com-

bination of loads from 0J <- p: PV < 1. 01 :ird 0 <' p CvP" 0. 63 is obitained for t I

i.cr and for the largest, %%Oue of c

for.rr

toi X 14

,. jjut* 26 7.2

0. .5< 4 2 , 3

1-g r 6 h -!, th lo d f co/o n % f jia :t, ,) a iiin

of ~ ~ ~ I P ' "dotý fr o I. 0. It is(eil vd : h -rfvi, u so r.

ivlgurle for-f i~resho thle loud factor fo onthig thý I t:c'frvaoh-n

tinebad V forhe e c range of pnr-,e 'peiht fr I 0 toug I!L'. ()f thu nicri "uuu csnvrlolo

grcp'c. the' dat.i for F v 0. F3 11;1%.r beenl dcusp 1  -'-d fr' . 1.5'( .0 ( wd '2. for

placemuent angles of 201, 40, -.n'l ~',_ Of ;-li~t ion to (tho OfI -! h.Ilro-' (utoVrH"!
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F~gi re 26-13, Vitriation of Load V actor With
pxV

411 0 , adX- -for and

C~ p .icr .

x V 
*

indicate that the mini-hounds are max!i-umn in the proximity of 30* for tile ranges
of loads aind parameters s~tudied.

Show-n inl Figure 26-8 is the dashed curve of p:u for ' 2. 79 and

1. 6i cr Ahich ire the characteristics for the Vikinx lii)l mnateriel. in
this ca se., was not the optitnura . and the cost of using -a 1of 138 Percent

larger than optimum is seer, by comparing the dashed curve wxith thle optimure. caseA

IFo r t, 2. 7 (1a nd T . For values of p p.. greater than about 0. 1 , the
= ciiivis indicate better performiance. The Viking 8111material hasM

1:10f(1 dt.ni LI 1);icror longit udi nals on . 7'-inIch spacing and 1 40 denier diagonals. If

thir' \ iki:ig m~trvil w~umodified for l %.r'it would call for '780 denier

if I,, c~onstr~iirnec to equall~ then E, definedbyE.ireud
to f'i vta rd' iL alid V oril';; that Is.

1 ~ si l re. f ýI, cr (26- 36)

Sinice thp~ ( ) f I q. 128- (16 thait ;ire p'lýrtinen4 to alIl solutiors jre2 f-AnctioT;S

o 0 Li rid )i , s'~tting 41 1 r. :-.iaflt~~i redulces thle solutioal of
thf. rc.I!;fai'cud uiiiar:to the tv.-o indlcpendeiit par-ir:tiaters, 1- ;iald P., ajlong1 Vithj

It should b i;ol:lthaVc.,li(;tlfhnr4 tE) cqual ha fla I, - *:(-

cItuatulv. in'estigatud for lov; ,Lirr plziceiý:et -m61e foi tr lairpe vain pLeeiu1eiit
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angles around 0 = 600. The generalization of declaring 1 as optimum 1
for all O's is not intended, and qualifications in regard to such are beyond the

scope of this paper.

2t-4.4 Yarn Forces

To this point, it has been tacitly assumed that laminate failure initiates in the I
membrane. This is essentially the conclusive finding of the testing for the Viking

material. but is not necessarily true of reinforced membri.nes conceived for other

combinations .f parameters. The Var'n force equations are furnished as -q. (26-18). I
Dividing Eq. (26-18) by x. and py will provide a useful nondimensional form that

is defined as the yarn force factor. In IEq. (26-18). if f.re is subtracted from f.ij

it is easily proven that for 0: ' = 901, and for positive valucs of px/pY and 1
KPxyPv that fii is always larger than f jm. 'lence. consideration of the diagonal

yarn forces are limited to analysis of f.ij only since it has the larger Plad. bow-

ever, the diagonal yarn jrn is lightly loaded in comparison to ij and needs con-

sideration in regard to yarn buckling.

26-4.4. 1 Y..AW; STABILITY

A second and soniewhat uniq-e mode of instability is indicated as the existe.ice

of yarn compression iv yarn in , while tiie :e braliie is stable and in ;ension. -.

This phenomenon is virtuallv a result of Poisson's ratio and is aggravated mainl:.

hy low placement angles of th( diagonal yarn along with lov.w transverse strain. -

Frorn Eq. (26-18) it can be seen that for yarn tension to exist in both diagonals

2 (c11 C'9 19  2" ( all tan 0OP x > " 1 2 1 '( 3 P %.•
.x>- __p (26-3?) - ]

- t72r,
2'2 i2 ,

1I i*: t l:'l of 09 th•t ,ill ;,iw..: :,:,.t-rM Yarn st:ibilitv for positive vAl.-es of

Pxj. Py cs deterniinced g•, setting l,×')y 0 in I.q. (26-371 and sýolving for the tarn 0.

Obscrving that th:e r,.r:.!!iinator in I,'t. 2(;-3o) is always positive at lest for

0 < 0 < 60"' tlh :"
( .2 p f r' - 2 •v) 12

tan 11( 22 12 Px v " -2 (2 (26 -v-C . I. '- I 2 - •
Vi (11 3 ),-2( 1 3: .S ',, '

A"lid 0 ' 01 .' :c .



For p /P 0, and byv recoxirse to JEq. (26- 16), l'q. (-U)reduces to tle simpl

fact thatI

o retan 11L (fo0r p X. -lý.0 C i 39)

anid for all voii. alkic-. lo I Ip to cz I. l st~ciI.-;

Tlii s eI"'it l ue '~t S~iýiI t considered i')II.- f~or cubzes ('ie'?Pci 't

the C 'oglIhe '- Ctt t:1 I g (.ýIt stl't5~ re inn: I OI lissa:"; at' i ao. lsc~ naiI t'n) (0'!ý

SI~le:rotiorI, buckling of Ati Lj it,- ui 1 i~ iii miihrueabne .-. .iffict~it to i-n,

and it is siispc-cteci T!; c bwvin t' n-' t .eI the t iconnj'

S neConaprcýs~iitoi. .I i-w (, to i!;,iit tLe, Hi(:uip) 01 ttif I' i~e S imegutixe

v icar low valutes of 1) P. v~ii 1O.-i(.-rti)l.,i( . - ~st(:~~

26-4-4.2 -A l'8N It)A I I-A. i I 1i III, % USI i-1(1\

The yarn load faictors for tu- lo ;'iliir- it ý !.)(!C tl(.h , to iilv 1') ii( 'ii-

agoal1 hav een eoiinpu~tel h,< 'Isc oJI q. t2 '6110!.)1t- tie \ Ik rkigrl uilý !. it--

rial, These dl~itt arc djsry.vcovi it, I otf- i nt-nl'r. ~olir' 10-.1

?7_ Ii I '"

72 i I t f

C iA

f 1,
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In both the mainline and optimum ;I cases of Figures 26-9a and 26-9b. the longi-
tudinal yarn force factors fi !xjpy are nearly constant with shear loading. Foz'
both cases, the longitudinal yarn loads are reduced by -Application of the transverse

lod pv' ,. and the importance o, the transvers,, load in maintaining yarn (and

membrauie) stability is indicated by the stability bound,* r The denier values for

the varns commensurate with the ý and tvalues are given in the figure. For

1 ~ Cr'the yarn weights are more evenly distributed between the longitudinal
and diagonals than in the mainline viking case. The diagonal yarr. varies nearly

linearlv A~ith the shear force p p v as wkell as with the transverse force px R
The values of the ultimate forces of: the yarns are shown on the figure and are pro-

portional to the denier value.

An illustration of converting fecom the nondimensional to dimensional form will

help in' understa,,d-iuig the magnitucles of the results and in showing how to use the

generalized data. Frorn Figures 26-5a and 26-51b, the membrane load factors are

given for the Viking mainline t-illoon materiql and for the Viking optimum ý =' 1,e

case, respectively. TO illustrate, consider an ultimnate load condition where

p p .=06 an~d p !P% 7 0. 4. and use the ultimnate memibrane load 0 t =8. 36

lb in. (14641 N.A)utai-ned from the l.{C: test O:ilta.
For the Viking mainline

a -,u 1. H3 , from Figure 26-5a for pi:pv ~0. 6 p vpv 0. 4
rn, u

For the Viking optimnum -n .

vLi 2. 05 from Figure 26- 51).

f'.1 U

17 . 14 lb) (76. 24 N) Viking optimum I
Fromn Viguires 26-9a ;iad 26-91t the im and iJ force factors !or the % iking, rnain-

li-:t orid ocitinmuuu case S UtiIC

;iriiae)T~ntjnuri

o 51'

X;1) i x

4
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Mainline Optimum ý 1 = • lcr

V _ f " f- :. L 0.312 - 0.411

Xjp x.p
Jy "V

Using the above p values and x- 0.50 the yarn forces can be computed for

both the mainline and optimum cases, as

f. = 3.88 lb(17.3 N) f. = 3.48 1b (15.5 N)

f. = 2.391b (10.6 N) fi~ = ".52 lb (15.7 N) -

Comparing these values with the ultimate yarn forces given in Figurc 26-9

shows that for the mainline material f is only 1 percent its ultimate, and f

Sis 31 percent its ultimate at the led pv that would fail the membrane. The un-

equal distribution and low percent of loading is less than desirable. For the op-

timum ,1 = cr case, the f, and fi. values at membrane failure are 26 per-

cent and 29 percent, respectively. These yarns are more equally loaded but con-

siderably less than their ultimate values. In Figure 26-10, dimensional values of

interest, such as considered above, are shown for optimum '1 cr cases for

a general range of .:'. These data have heen selected for the express design con-

dition of px .p 0.6, p 'Pv y 0.44. X = 3/2, und 0  ut - 8.36 lb/in. (1464 N/m).

It is readily seen that the weight, w , mounts steadily with y.

4 p1 O6 .6AND pxy -y0.4

3/' . a 36 . b! in.

I x 10 00F

M I r l0 lb M.
U N f! - ; b .U,

SCAt i

1~0 1I . 1,' * 43

5 ~O[IOR 1 10"'

Vi lrt_ 2(- 10. 1)in•,.n•lnail Ik(sults at
j.enhibr,nl .ailure for i):icron Rein-
forced M.lv,'ar lIIT loaded to . p.

arm n Xs ' P v 4 .4
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As could be expected, the ultimate longitudinal loads of both the membrane and

yarns increase with the weight (and with 4p). The efficiency which is measured by
dividing the load factor by the weight ratio

decays slightly with increasing 4. It is indicated that maximum efficiency is ob-

tainable with no reinforcement. That is, a homogeneous membrane is capable of
using its weight to the best advantage in whatever fashion the load is applied. This

is generally true if the reinforcement is of a similar material as the membrane.
However, the efficiency ratio can be increased above unity by the appropriate com-

binations of materials. Nevertheless, even if reinforcement using materials simi-
lar to the membrane is done, the methods of this paper are important to minimiz-
ing the loss in efficiency from using weight other than homogeneously. In addition,
reinforced membranes provide a redundant structural system and add rip-stop con-

trol, not features of most homogeneous membranes.
In order to achieve at membrane failure significantly higher ratios of yarn

loading to yarn ultimate loads (fimifim, u and f iifij, u), it is found that an order
of magnitude change in 4' will be required. The criterion for near simultaneous

failure is considered in the following paragraphs.

26-4.4.3 SIMULTANEOUS YARN AND MEMBRANE FAILURE

For a well balanced design, it is desirable that both Omt and fim (or f)ij
reach their ultimate strength values simultaneously with the application of an ulti-
mate load combination. Now, f.ir from Eq. (26-18) is of the form

fim = pyXjfl I1 (ýl'2' r 3' I" Px/Py' Py/Py)" (26-40)

Also, Omt from Eq. (26-20) is of the form

0rmt = Py f2 (; 1 t t2' -3 -gA Px/Py' Pxy/Py" (26-41)

Dividing Eq. (26-40) by Eq. (26-41) yields

__ I ( (26-42)
j C rn f2 ) CF
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From elementary linear one-dimensional stress-strain relationships

f. im . AE 1 . (26-43)

O0 E M s T (26-44)

Substituting Eqs. (26-43) and (26-44) into Lq. (26-42) And recalling the definiflon of

Syields

f.
iln ;im (26-45)X. 0 t C~

Substituting Eq. (26-45) into Eq. (26-42) -esults it,

m IT

Wh en the prorluct cf the i nyarn force factor and the mcrnrrar-. load factor div.idcd
by r equals the im yarn's ultimate strain divided b,, the ultimate membrane

strain. the desired theoretical simultaneous failure of yarn and membrane is

achieved. A similar expression for the diagonal ij can be derived and is similar

to Eq. (26-46) with the exchange of the ir-n subscripts with ij and an additional

division by ;'2
Failure occurs first in the yarn if the following inequality is true:

( im ) ( v 1-n.u __ __ 1 .,~ (26-4 7)

If Eq. (26-47, is true, the pa~rticallar yarn that fails first is the varn for which the

k: product of the yarn force factor and the membrane load factor i~i the greatest.

It should be mnentioned that the ultimate strain ratios usc .1 in. 11q. (26 -47) are

more 3ppropriately the equivalent linear strains to failure and not the plastic ulti-

mate strain ratio. rnev are best dctermined hy

C m (iu', 11 rnt LM
(26-48

M. u aM m M
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The product factors of Eq. (26-47) for the Viking material ate several times

smaller than the ultimate strain ratios. This indicates that failure would be con-

sistently experienced in the membrane as was verified by the test Iprogram. To

achieve sie iltaneous failure, it appears neces:sary to use different m tnrial corn- k

binations. It, Figure 26-11. the relationship hetween the strain ratios ( . c
Ir. 'a U m. U

and %P is shon for different combinations of materials and for a laminate weight of
22

about 1 ozlyd O/3 N/mn). Polyethylene membranes with Dacron yarns offer in-

sufficient improvement. PRD-49 type I11 yarn on mylar is to the oprositv end of

the desired range and yields laminates that would fail consistently in the yarn-s.

The PHD-49 type IV yarn, that has greater strength than the type III and ' lovcr'

modulus of elasticity, comes close to meeting the desired strain ratio.

Eim~u 0 Oi r,,J ErI

W- . 0C F

Cm. 0 n Cl} lf

4,- --~ ~' __7 ; ,

L MYLAR FlLM N'!71I oA C. O; YA RIN

.RC- POLYHYLE I ITH DACRCO vARN I
CmU - A L..lf I 1AIT:SV"I p%-4q 1' VPr IV YARN. .1

iYY4'&y PRD-49 ;At
T

H Pv0YARN

0 1 20 30 V1 50 60 70 83

Figure 26-11. lieRationship Betwee'n Str.ain

Ratios and ; R an ies 'or I 07 Sq Nd

(1:3 N im
2 ) Lamiriatet - I

In Figure 26-12. the computed strain ratios are shown `or a PRI)-.19 type 1i.

material of identical weight to the Viking nainline material. The b parameter is

36 and = , cr" The longitudinal yarns are 950 denrer, and the diagonals are ,

850 denier. The filr,, is 0.35 mil my ar. For its laminated woight to film weight I
ratio of 3. 3. it yields a load-to-film .treagth ratio of 11 to 14 for the range of ]
0 < p. 'P < 1.0 1ro( 0 < P ,p% < 0. 6. The failure initiates in the diagonal yarn

XV

which is seen from .igiire 26- 121) fol" thi nx :p value of 0.4 and p p = 0.6.

The failure would o0cur when p PV : 098.6 lb'in. (439 N mn). For this condi-

tion, f is 83 per ent its ultimate, )ndl the membrane in; 86 percent itts ultimate.
im

"Ihis contrasts to ;tr ultimate load of 15. 3 ], in. (68. 1 N nr) for the same weight

"Vikir z m ainline tna'e rial for the saa n 1'.'.ading combination. Theac figuares Suggest

Si

1{
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26-5. CONCLUSIONS

FEquations for analyzing the merribrane stresses, yarn forces. stability criteria,

W ~ and sorne optimnum parameter relationships have been derived.

Cold tem-perature test data for laminate failure under biaxial and shear loads

are correlated with the theoretical results and show very good' prediction capability.

The optimum stiffness of the longitudinal yarns to membrane stiffness is estab-

lished. Along with this, the ratio of ultimate strain of the yarn to ultimatr. strain

of memnbr~ane is shown to be a controlling pararnetei in achieving the efficiency- of

U ~simultaneous yarn and mo~mhrane failure. These controlling parametfrs 1lead to

the conclusion that it is necessary to reinforce with a niaterial of diiferent mech-IN
anical characteristics than the membi ane to achieve a laminate ioad-to- membrane

strength factor greater than the larninite weight -to -m.'ýribrane weight penaly.V

Investigations indicate that multifold improvement for comparative weight is

possible through use of high mnod-ilus PRD-49 type TV reinforcement (1a mylar

membrane. Even nmiore signific,,nt improvements are indicated for silicon carbide

reinaurccm'ont on mnylar and S-glass reinforcements on polyethylene film.

The mechanical ci.avacieristics for the Viking 13LDT balloon material and a

pa-rtially optirni7ed version are provided in detail. The inechanical performance

I.s invcsti'gatcd for a trpsniverse loading varying from zeiu v tu tht ec4ual to the

longitudinal load along with variations in the shear flow from zero to 0. 6 the

longitudinal load.

A unique mode of iinstability is discovered ch~.racterized by yar.1 compression

in tha presence of a zin'l Lezoivrn ieiu rim A full treatment of this phe-

nomenon is beyond the scope of this paper, aind thie problem is generally c".~'

vented if the yarn placement angle is taken larger tiran the arctan of thc square

root of Pois:c~n'2 ratio.
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27. Tinting of Balloon Fabrics to Increase
Their Solar Absorptivity

O.M. ýoh
NASA Langley Raerea'h C. nter

Hampto., Virginia

Abstract

During passage through the cold troposphere. Myllar reinforced laminates ex-
A perience embrittlement that severely reduces the structural capacity of the mate-

s. Nlearly transparunt matei-ials currently in use absorb between 6 and 15 per-
of the solar c .- rgy they encounter. Tinting can increase the absorptivity to

al )xirnately 90 percent. if desired. The techniques and problems associated
wi~h tinting balloon fabrics to vary their solar absorptivity and surface emnittance
art. discussed.

Experimental data are presented on the radiative cha racteri stics of various
degrees and types o' tints? studied at the L.angley Research Center OLRC). 1tesults
of trajectory studies for balloons with various ratios of ciolar absorptivity to sur-

fact -mittance are presented. The impacts of tinting of variuuir aspects of flig~ht,
such as i +e of ascent, thermodynamics of the balloon, valving and ballasting, andI
mission plann~i~c. are discussed. 'This paper represents portions of work fromn an

F ~ LRC support task tur the Advanced Research Projects Agency..

27-I. INTRODUCTION

During the ascent of high altitude balloons, the thin fijr, c' M.lylar or polY-

ethylene used to envelope the heliumn gas' experircnc..' progressively lowxei tcmnper-

etures that can reach a minimumi of 1 00' V during passage tlirougli the tropos~phere.
A
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This terlperatuare history occurIs her:t se of tie dron in ternper ture of the ;atmo- ;O

9 spheric air with increaaing altitude between ground level and the troposphere arid

tue expanding iCli-avn ga:s inside the hblloon. Tile low tellperatmlk'es ,,ause the film

to become brittle. which in turn inrcrease: the risk of structural failure uecaus e of

the filrnms reduced strength capacity. ( )ae source of energy - the sun - is not heuig

utilized to full advantage to increase the filin temperature, since the current clear -= -4

films have a relatively low solar absorptivity 1. 06 to . 15). This paper presents

the results of a sttudy conducted to determine the feasibility' of tinting clear films

of r.vla r aid poly ethylene to increase their sol:,r Absorptivitv and thus reduce the

possibility of structural failure due to film embrittlement. The study v.-,s dividedc

into two parts: (a) characterization o1 thermal radiation properties of tinted filins, A

and bh) evaluation of tinted filmins in ternis of thieir efte.:t on the ascent trajecto '

of a balloon. Jxperimental value.,s of the solar absorptivitv. transmissivitv:. re-

flectivitv, ;ind infrared niniissivitv of tinted film ;amples are presented. The re-

sults of trajectorv studies which investigated the impact cf various .hades of tint-

ing oil the rate of ascent, film temperature, v-ilving and bal lasting requirements,

'and 1155am platurmwa are also iD:'rSen.te-'i

27-2. Mil.lTlOS iSF I)TO IDETERMINE 1i1R. HAI)IVIIVF [SI;II\B .l:'lF~l~f•'l'(:• IF N 'I , if.1) F'IVI. S

Tintec. films made by two different processes have beer, investigoted. (ine

type o1 tir.ted film is obtained by adding various percentages of carboriblack to the

Adhesive used to hond the 'l n ;and the ieinforciig I)acron filaments together. The -

adhesive is applied as an even coating to the film, and the DJacron filaments are

then placed on top of thifs coating. This is the normal proce.ss- for manufacturing

the clear blhloon films currently. leini used. The second type of tinted film con-

sidered was obtained bv applving ;a dye thAt conipletely penetrates the film. This

type of film is truly a tinted film it: that the tint is in the film rather than being

added xith the adhesive coating. OIetails of how the dves are applied are not pro-

ciselv known, lecaxuse the processing companies ( ousi:ler them proprietary.

S',amples of these tinted films, both the mylar arnd the polyethvlene, were tested

for their r:diative charactet istics. I he two inrstrumentts used were the l1eckman

I)bK-IA spectroretiectometer, whicii was used to determine the .bhsorptivity. trais-

rrisi;it'v, :,ri reflectivitv of the s;amples I n he solar spe'htrin, ad the (;i.r-

I)tml-le I)I'-100 Lrlfraired reflectometer, ,.'hich was used to determine tir, refllr. -

tivity. trarisnoissivity and err,lssivi nv il tho inrfrared speo-trlni .

'fhr I'eckian )b' -1.-\ spct ror'eflcc-ti ,'te.r is i; rictru:nent used to Cexpon s

" Test specinens tco r -dir:ted emreLr (oil :. sirnlf. w,'velt.ngtfr. "ie spI: tro- r-fle,-

tollneter seans f- tw-eri tile 'o',ve!,pri s n. 0 .- ii r'u:r .2rlli 2. u5 :lr-', a tt .i
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prescribed rate. directly m easuring the transrnissivity or the Sum of the transmis-

sivitv and refiectivi tv. Raw data from, the inlstrument are in the formi of a- curve -

showing either trauismissivity or the transniis'-ivity-refle etivity sum) versus wave --

length,
Figure 27 - 1 shows the integrating sphere on the spectroreflectometer and the

location of the sample for the transmissiv ~y and the combined trans riissivity-

reflectivity measurements. For the tr-insarissivity measuremvent, the sample isi

Sane'.o re '% ani PerCiý.

7T masrmnII

t ~Beam

R~ferer'ce T RapBeam ~ - io *

TI P - rA

Enerqy I

IFigure 27 -1. Schematic of Integrating Sphere
on Beckman )K -IA Spectroreflectorneter

placed over the openinp that allows a beam from the energy source to cuiter the
Lsphere. ThOL detector is exposL~d alternatelyv to a b~eami that passes t'lrougý the

Isample ind to a beamn that passes unobstructed thirough the second opening in the

sphere. Tfhe signals are compuired, zind thle trans mi;Si vitv ..9 recorded. For the

truinsmissivitY- reflectivitv sumrn iealurernent. the s'mrde is placed insideý the

sphere and mounted on a frame that allows the energy hearn to pass directl.y.

through arnd reflected off the surface of the sample is colle~cere by th-- sphere.
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The detector then measures the sarmple b earn a' 1d the referenc'- bearn :Lrd records

the transmrnis sivity- reflectivity mcasurement

A The soar spectrumn iscnieed to I e between the v.-iv.elengths of 0. 17

kmicrons and 4, 00 microns. Figure 27-'- shows at curve of emJSisiv DO-.wer of I
blackhodv versus the prroduct of wavelength and te~mperature. The sun can be

Q

24C 10 5O

Xi' I

I ~ I ,s-1 7-1

XT' 'RII

Figure 27. P I Lu ck's Spectra Iis-i'
trihiution o' lilackhodN, Ilemjisphericril
Li; nssive P'ower (I- dited fro m iel
and Howell, 1968)

asucdocmil 'I hlc~ovw~ at Liemeatr of 1O -~YI.~ an h

seen from this cnurve that app roxi ni;itel.-.. OT, percent of the ('TB) ss e poeot thie

sun is between 0. 25 micron and 2. 65 microns, w-.hich are the liralits of tile

B~erkmran spectroreflectomneter. Thrus, it is clear that the solar spectrumn i s

adequately scanned in these tests.

The G ier -Uunkle 1)11- 100 refl ectornete r rue ;ranres t he reflectivjtv of k tq

specimen in the inrfra red region of the spectrum xith theý ipcci ien, it room tein -

PC rature. The samnple is cvclirc~i~ll exposed to tv. o rotating ei vidricalvue-

ities w.hich are- at different temrperaitires. A' vazc-.uum therrmocouiple vesthf:

sarnplc and nijorators ',the .-ary in g ener)(gv that Is ret lIecteri !, the( Malrlplc- froun tire

two cavities. This signal is corrrpare'd 'A itli the signals fror, high reflect ivity :ind



453 :

low reflectivity standards to determine the reflectivity of the sample. Coniplete

details of tne work:, principles of the Gier-Ijunkle I- ',-00 are given by Nelson

et al (1966). Since the samples are transparent, a secon:. reading must be taken

with the sample backed with a highly reflective surface so that the emissivity and J

transmissivity may h)e determined. Hlow these two values are calculated from the

two readings will be shown ir. section 27-3 of this paper.

27-3. DATA REDUJCTION

When radiative energy strikes a transparent body, the hody' will absorb, re-

fleet, and transmit the energy. The absorptivity, reflectivit.v, and trans missivitv

define the proportions into which thr; incoming energy is divided. Their sum must I

add to 1.E_

S4 ,(X) + T(A) I (27-li

Therefore, by measuring T(X) and "'(X) M A(X), all three values can lie

r determined as a function of wavelength. This reasoning was applied to the dalta

gathered with the B3eckman spectrorerlectometcr.

The integrated average of each of these three quantities over the sriIr spec-

trurn is used in raJiat.ion heat transfer analysis. The integratcd averrage for' ab-

sorptivity, for instance, is obtained from the following expression:

A(X) 1( d,

A CI

i i'hele A, is the ;,verige so4 ar ahsorptivity &-id I'MA) is thu sc,1;Ir :r:l:.sI','a; po. er a' ,

ia function of wavelength. ]'lan':k ;j spectrai distrihition of eurn.sr'e pov.'(r for

~ hblackhodies is used for I(X).

IIIc
- where C1 :iod U2 .ri constants and 'I i:, t,ikcn t:) Ibc 10, 0(OOO l .,s pre.,'•(1:: I.-

- II~~~otc-d. P Th "" ;in(] it va, iwi~ e, ýIr'u d(-tel-' llfed ftoh~l v'xp~r'ýý,' : Ul~ls :ýi;lll1 'I t')

I-" q. (2":- 2).
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Since a balloon is a transparent enclosure, solar energ-y transmitted through

one surface element on the balloon may strike a second surface element, reflected

energy from the second element strikes a third element, and so on. An expression

a was derived by Germeles 1968) for the effective solar absorptivity of a trans-

parent balloon. This expression is
5J

Te A T1  (21-4)
"eff V' -RA

This is the value for solar abs ,rl-rivity used in the trajectory studies to determine

tinted balloon performance Pad film temperatures. Measurements taken with the

Gier-Dunkle reflectomete: are used to determine tinted film emissivity. As pre-

v:ously mentioned, twc measurements must be taken, since the sample is trans-

Parent. The first measurement is made on the sample alone. This reading gives

the sample reflectivity. A second measurement is made with the sample backed

with a highly reflective surface to determine the ernissivitv. The reflEctometer

actually give3 a second reflectivit:. reading which must be used with the first re-

flectivity reading to calculate the emissivity. The calculation is basei on the fol-

lowing reasoning (see Figure 27-3,:

I, R

41 A

I O i R
I TR R T ALI

A 0 S S I
" . 5 AU U

I L 
-?-3 RZ

SI/ R

I tigure 27-3. Derivation of E'quation for, Cal-
culating Infrared Tra.ismissjvity and Emis-
sivitv from Gier--)unkle 1)B-100 Reflecto-
me'er Measurements
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22 2 3 2

I (R+= RS +T + T2 RtI R +: R

0 I S f s AU l STSRAURS N1)-

2 2 2R R 1 + R T (1l+ R .R.+R R +--NI S AU S AlU S AU S

2 1
R R + R ,TQM U S1 - R RS.A U

The RS and RM are the first and second reflectometer readings, respectively.

and RAU is the reflectivity of gold. The sample transmissivity. Ts may be now

calculated: [

iTS R(27 -5)

AUI

Now Lsing the equation

A + RS + TS = 1 (27-6)

where AS is the infrared absorptivity of the sample, and using Kirchoff's Law to

assume E = As, where E is the sample emissivity, the emissivity is deter-s. S
mined from

ES = 1 - 1RS T . (27-7)

Since the balloon film radiates from both sides, the balloon radiates energy to it-

self on the interior which must be transmitted through the film. In a derivation

similar to that for the effective absorptivity, an expression for the effective emis-

sivity can be found (Germeles, 1966),

TS
Eeff = E5 (1 + I -- S) (27-8)

where TS and R are evaluated in the infrared spectrum.

27-4. TIEPMAL RADIATION PROPERTIES OF
TINTED MYLAR AND POLYETHYLENE FILMS

Table 27-1 lists all the radiation properties for 15 samples with various

shades of tinting. These propertiea were either measured directly or they were

calculated using the formulas described previously. Figures 27-4 through 27-7

show the effects of tinting on the transmissivity and transmissivity plus reflectivity

curves in the solar spectrum.
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Clear pIyethy Ile ,ji,. Adhesiv coatrig

att

C lei r polyethylen>. Po yet h)1ene wit h 1%

I with sc tim c tn in ciarbo blI k in AOhesive

10 2.0 2.01

Wavelength, Mcron's

Figure 27-4. Transmissivity Versus Wavelength in Solar
Spectrum for Polyethylene

-- Clear polvlh 'lene *.An a•hesive coatinq

P o ly/ ry 1le n e w itt' y S A
Z u 2carbon bitck it V her sive

e t tChear Polyethylene with scra l e csho a na d h e s ive

0 I. ZO 2.1

the spectrum. It can be seen• that a w-,ide range of effective solar absorptivity andeffective emissivity can be obtaine. A Pleasure of the degree of tinting can be de-termtled by calculating the solar absorptivity to emissivity ratio. A material withan (A!bE) larger than 1.0 is classified as a solar absorber, while a material
with an ( A/E) eff less than 1.0 is considered to be a solar reflector.

withan A/Eleffjes tha 1. isconsderd tobe soar rfletor
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-Citar W,.3r *.Ifl scyrmi ,i~th iodheiavlCi
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.Blu, lintr rrq iii ya in

4 ~alhC ei e Coal An M ,'4r Vim.
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Figure 2 1-6, Transmissivity Versus Wavelength in the Solar
Spectrum for Mylar sarnples

L Clear Mylar Composile

- I i% Carlbon black in ad.'esive
I ~ ~ o i~..OMylar Win

6L I - ' ....... Biui tintl in aLdr'e$ie coal onl mvwM lilr.

0 -Ong, tii'l i mylar Ini

C IC. 2.0 t.7

Via~eleflgtb Microns~

F igure 27-7. Trnarnsissivity Plus ;1Pfliactivitly V'cr u~ ~c -
length in the Solar Sp'.-trum for Mylar Samples

Tinting that produces an intermediate (A/ F) csf tn it Is, 0. 4 to 1.0, is preferable

to the tints that produce P. /E)ef ratios greater than 1. 0. ,hecaus~e balloons made

with a material of a higher ratio have a highe~- equilibrium ternperatllre during the

sunlight floating period.

The iowest value of effective absorptivity for the tinted Mylar was 0. 35 for

the Mylar with blue dye in the adhe~ive. Very smzll amounts of carbonblack in

the adhesive drastically increased the soclar- absorptivit~y. These data indicate

only small changes in the effective emissivity when a tint is added to the filmr.
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Therei'ore, an increa,.ýe ini tile -5olar Absorptivity increases the ýAi.] ,Ef .d,;ost

p ropo r tioniall y, The ý,-..-ceptiont4 are the orange and blue tintetd .•iylatr •,ii'A Ulu

Mlylar composite that was tinted wvitt anl india ink spray coat. Theý higdher values

of emiissivity for the orange and blue Myliir nre related to the larger tilzo thick-
i h~ress, while the increase in emissivity of the spray coated Mv,,lar i_- due to the "

S~ India ink.

SData fromn tests on the pol'.ethylece samples indicate the 'ý0.oi:•r 'Al'ýorptivitv is

su~bstantially increased for a sinall ýjn'ounit of' tinting. 'lTh.e m•-.,,iv le fol

the polyethy .lene films Lavc relatively low., and by. increasing the sol~ir Ibsorptivitv, •-
the (A IE)ef for polyethylene. is greater than 1. 0 in all cases. Výhile this does •,,

not create a problenn during balloo., ascent, high film temperatures ,%ill occutr du'r-

ing the floating period. [.o~er values of (A; 1:)ef can be obtained by r-educing the

-- ,--<-- S - •--

amount of carbonblack below one percent orny rt:ducin~g tit- oamounit of tinting d-,e.

27-5. RESILII'S 0O" Ttb\JECIORN KI'TUDIES

To deternmine how effective tinting a balloon filni can be in terins- of ,ncrea~sing

. ~~~~~the film tempe-rature during -=scent, , "•'. ..........l s',,dliecs. ... . .. of the tr.jec,•,,:-v. ... , t"•:ntpe
balloins were made. The st thinov the use of a computer program originlly

tdeveloped by' Geecmeles 01966) and recenitly. modified by K reith ( 197 1). The pro--

: •gram solves six nonlinear ordinary differential equiations whi.Ai describe tile Aer
tical motionl of a spherically slaiped balloon. These equations describe the forces i4

on the balloon, the rate of volume change of the balloon, tie rate of change oflte-
f n vperature of the gas used for buoyancy, and the rate of change lf mass of th-e 1aloo

negas. The dependent variables, which are a fun:tion of time, t are tie follovthing:

sbtZ(t) altitude of the balloon

T o(t) ba loon las te biperature
noTf(t) balloon skin fabric temperature

V 9 g(t) voliume of halloon gas

•- U(t) vertical velocity, of balloon

\1g(t) mass of balloon gfas

• •-•Parameters which must be given by. the user are the aitmospheric properties, tile

S•ballooii gas properties. the infrared radiation field, tile balloon fabric properties,ithe payload t,,ight, tpie i alving and ballast scheo( le, the drtang coefficient for the

balloon, the launch lore:tion ans cine, and the initial coniditios of the six depend -

ent variables, Gornplete (16)nils or tl'e progradf arie b iven (9v Kr.ith ( ! pro- 1).

aFor comparistn pfrposas, tpee sp ed balloon. These t aeqaxpo.neri toe the s fre es-

on.. the b... l l,the ra7-e hofnul tm.p itngeofthPrie ballo)erontUhe profile v or tern-

-'I



altitude that was used in the analyses. The temperature reaches a low of -100°F

in the troposphere. This profile is typical of a summer day in White Sands, New

Mexico. Sky conditions were assumed to be clear, and launch time was 6:00 a. m.

Altitude. Ft x i03

,/ :o~

:00t

140

Payload -81) v 4
Ter'perture. OF

Figure 27-8. Atmospheric Temperature Versus Alti-
tude Profile Used in Trajectory Studies

Payload weight was assumed to be 6000 pounds, and float altitude was as-

sumed to be 120, 000 feet. This corresponds to a balloon volume of approximately

35 million cubic feet. The radiative thermal properties for each balloon fabric,

the valving schedule, ýnd the initial free lift were the only variables changed during

each analysis. The balloon vertical velocity was limited to 2000 feet per minute to

prevent increased convective cooling that would reduce the temperature increase

gained by tinting the fii-n. The main variables of interest are the film temperature

and balloon velocity, along with the valving and ballasting requirements. Figures

ae27-9 and 27-10 show comparisons of the tinted Mylar and polyethylene film temper-
Sature profile veursus altitude. Both the clear7 Mylar and polyethytene films reachA

temperature of approximately -I00°F during troposphere passage. By increasing

the solar absorptivity, the mini mum t?..nperature can be raised to -25'F using

films with an (A!E)eff greater than 1.0. However, during the floating pexiod at

120, 000 feet the film temperature would be 100- 110°lF during thr sunlight hours.

This temperature is acceptable if the mission is completed durinig this time.

Al
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Altilu,, Cft.

Clear M yla.
(A=.O078, E=. 552/1

/ " ' N.~Tinted Wyar with liS CS

Blue Tinefted WIat
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"d Mylar Tinlte *,ilh % Cli

N '10IA=. 547, E= 47A)

Ter'ferllure 20

-160 -120 .80 -40 0 4 ~~~
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Figure 27-9. Film Temperature Versus Altitude for
Tintld Mylar Balloons

Allttu e Ft.

CEir Polyet2y0ene 112 x 103

// 
I

- Polytjlyl .ne finl wth -

6 0 1% CBS(A:W . 4 7, I=..'3361

AIlilOspIrer IC 

••••

TarYnitralure
ý20

-1 8,0 -q •") 8 -40 u

Temperature. 'If

Figure 27-10, Film Temperature Versua Altitude for
Tinted Polyethylene Balloons

During the night the main source of heat to the balloon is the infrared radiation

from the earth. The helium temperature wil" approach -70*F', and in order to

'*1
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maintain the Illoun at 120, 000 feet, :3000 pothids of hall ist have to he rel:,sed

for a blue tinted ynvlur balloon (A = 35, IC - 846I). This wouhi Hilnit the misision

life t') One day,'-night cycle. A solution to this problem is to tint onily the portion of

the hla Iloon thit is unfurled betwe.n g round level and the tropo-ipie,-c. A.\ccording

to the traj. ctorv calculations, the balloon volume iat 80. 000 feet, where the atnio-

spheric t 'niperature i: -60'F, is 5.6 millior cubic feet. B'"injsurface -erea

calculAttons on it sphericaily shaped balloon, 29 percent of the fabric of a balloon

whose volume is 35 million cubic feet when fully inflated would be directly exposed

to the atrinosphercr. This atra could be tirted to an (.-N '1,)(ff ratio of 1.0, 0 lnd the

i run:nirIing f ,bric, Which would Ibe covered v. ith an insulated sleeve until it is ,.n- I

furled, would he inade w.-th the clear film which hIs ;i amI.. solar alhsorptivitv.

A.nmilyvsi, of the temperciture distribution on a iballoon skin mnde with two materials,

which c ihave different alues of ab.sorptivity ;in,! erlissi vit:v hn• , ot been conducted.

Substantially reduced ballabt rcquireinents :ire antic pitedd

'_Venting of the helium gas is required during ascent to ii:tinttain the verttical - 1

velocity of less t;han ý000 feet per minlute. \ enting requiri'en-tn c,, he relieved

by reducing the initial fret: lift at ground lvel. The fr,-e lift is de.fined as the dif-

fereiw be teen tiUlf, weight of the ai lispi:iced LIv the li ,in) ' l the total weight

of the balloon id payload. L'Usuallv, the initiir1  free lift i,: i to 10 percent of the

total weight. It c;.n b redhi,-ed to 2 percent of tlit total weight when a tinted film r

'A'ith (;•.l'I) ol 0. 8 to 1.0 Is ul ed.

lT 'hle 2i 2 li.hats the venting schfedile versus oltitdm !0' - ti' t(.itd I Ill¢,oa:.S. "jhe

Svertical velocity of j typical 1balloon versus altitude i0 shovwn in I~i[uro 27-11.

'IT inle '74- 2. 1clidini Venting Irite iDuring Ascenit for 'I"iit(.d l~Alloons
"0I -i 1 J '•kin: \ tcrti ul Velocity of 2000 F-eet Per M.inite)

I-1 Po,.nd' af I ift-

I I Altitude, l'te't P' q l'' .r Second'

SAf '-l. 1- _, 000'

I ;'ic '.l' 0 13, 000 (-

Vi, 4t;0 -- 10b 0. 25

lb 1.500 - 4', 000 1. 0

49' 000 - 1"20. U00 (I

, it A ' '.. I 15,000 - 22, 000

- Z4. 000 - 55, 000 Q.

ut,(J ) - 6(1, O(lO 0

G;0, 000 - I 4, O' m .,

7 .1.00 - 120, 000
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r (Mly~jr hi., al. M I . 0~e h 1% C81

0 20 40 60 so 100 1 X 1

Figure 27- 11. Typical Tinted Balloon Vertical
Velocitv Versus Altitude

The balloon velocity tends to increase as it approaches the troposphere and again as

it approaches float altitude. These venting requirements should not present a prob-

len iIn controlling the balloon's ascent,.

24-6. CONC.LUS:ONS

It has been demonstrated that tinted Mylar film can be manufactured and that
by using tinted film as the balloon skin the film minimumn temperature can be in- .
creased from -100*F to -25*F. Higher film equilibrium ten.p(-ratures o~ccur at

the float altitude, causing increased ballast requirenientis if the mission life re-

quires a tinted balloon to pass through a day-night cycle. A solution has beenI
proposed that only that portion of the balloon exposed to the atmosphere When the

balloon passeP, through the troposphere be tinted. The tinted poiy~thylerle samples

had (A/IL).ff ratios greater than 1. 0, Balloons made of these materials will have

high equilibrium temperatures during the sunlight floating period. The(AiE

can be reduced by decreasing the amount of cart-onblack in the adhesive or tinting

dye. Tinting only a portion of a polvethvyl.ne halloon would also he beneficial.
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L28. A Computer Program to Predict Stresses
and Deformations of Inflatable Structures

D.R. Lagerquist
6.1. SchieldahI Company

Northfield, Minnesota

28-1. INTRODUCTION

An important part of the evaluation of designs for inflatable structures such as

balloons is the prediction of stresses and deformations experienced by the struc-

turý- during its service lift. ('lassie sm-all deflection linear theory analysis tech-

niques are no* kpp~licahlp to myos9t inflatable Fitructure problems, since the deforma-

tions clue to ioading :ire large, and changes in geometry must he accounted for In

the ana~vsi~s. Simplified ;jpproxirlvate rnuthods Qf irillvn ý I re O~fteni a.'ffijc-lct fror

Fstructures of simple geomnetric shape subject to certain loading CanditiOnS. HOW-
ever. mere general complex problems requirt more sophisticated analytical tech-

niques.

In order to have the capablilit~y of solving ;i broad class of inflatable structure

problems. G. T. Schijeldahi Conipa.av enginecrs have roordinatted the adlaptation of a
large-scale compute.r programi cspeýiallv for- analyzing this tY pe of structure.

Thbis programn, designed I .I'iI)X (Laruge h1ei,Žirruatioji Analysis of -1hrrco- Ji-nvn.-ion-

.......................~, i'd, ses the finitf. Clement Inat tix mnethod of :is' lviis

(PrzeM~iernieki, IPWOi8 whirch haL4 beiec-)ze 9') important in eornpntc'rmzcd structu-al

anlAiv 515 and design technicqut s ove'r the pa-st dec~ade. Thbe geurnuit ticallY nnl inea r
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equilibrium solution is obtained by a form of the Newton-Haphson iteration tech-

nique, combined with an incremer~tal loading procedure.

Input to the program are the initial geomnetry of the structure modeled with

truss (rod) and/or membrane shell elements, material properties, and loading

conditions. The program computes displacemer.ts and stresses for the entire

C ~st ru cru re.

LD3I)X was adapted from a program developed for a shell structure design

technique at the University of California in Berkeley (Smith and WVilson. 197 1).

The program was modified by Engineering Analysis C'orpora~ion, Redondo Beach,

California under the direction of Robert G. WitheroA f the G. T. Schjeldahl

Company. Further modifications were incorporated by .Sch~jeldathl engineers. The

program was written in Fortran WV language for the Control Data Corporation

6600 computer. A special version of the program was adapted for smaller analysis

problems using a remote terminal time sharing system on a CDC 6400 computer.

2&-2 METHOD) OF ANALYSIS

In the finite element -,ethod of structural analysis, the actual structure is

ideal zed by a discrete set of structural elements connected at node points. Inflat-

able structures generally exhibit niemliraie-tvpe be-havior and may invulve cable

suspension systems. Therefore, ava_-ilable elements in the l.D3DX program are

triangul,,r or quadrilateral membrane elements and rod elements. I i.e structure

call have arbitrary geometrv, material proper-ties, and bounda iw conditions.

Figure 28-1 shows an example of a model for an inflataibie structure with internal

lacing, These plots were produced by the computer program and can he used to

check the original geometry input to the program. It is also possible to produce

plots of the final deformed geomnetry.

The finite element metniod is in general a iw ;nalysiq technique, so that

spcc~2l solution procedures fnust be !.Sed fnuPli ,~aui~ apitions. In LI)31)X.

it is assumed that member str~ains a~ru 5:);l thilt the material behaves inl a tin-

early elastic manne-r. but rigid bodv nintioii r~o i)(: b large so 'ec,,:etric nonlin-

earities MU13t be con.sideree. in Rolving the ejuilibriurn (equations, IDetalls of this-

analysis are beyond the scope if this present paper' (ace Simith, I nGr), so onl1Y a

brief description is included herein.

The solution proce-dure is ;- form of the "'wkton -Wipbison iteration technique(,

illustrated schemiaticallY mn F igure 25-2, Fo(r ri given loading. It , an initial de-

formed] configuration, r. , is a a"In irrd nir Coirpuotd iis mig the initial 1 ii~ea r solution.

Internal resisting force!- !1 . are comr-+irtcd for this conifigu.raitioni anid compared

to the appliled external loIn~t lg, 11 h" seuliag t of oiut - f- hal arire forces



'a. Truss El'ments

F.

S~b. Membrane Elements

[\

Figure 28-1. Sample Piot of Finite Element Model

are then applied to the defornled structure at point 0 resulting in a new set of de-

flectionE at point I . The procedure is repeated until the unbalanced forces be-

come less than a specified tolerance.

For some problemo, numerizal difficulties are experienced if the total exter-

rial load is applied in one step. Often convergence to the correct solution is aiced

by applying the load in two or rnore increments, as illustrated in Figure 28-3. A

load value, R', smalle. than the total R is applied, and the iterative solution

yields the corresponding equilibrium po.aition, r'. This configuration is then ut#ed

as the starting point for applying the remainder of the load H. In addition to aid-

ing in convergence of the iteration procedure, this incremental lo'd technique



allows deflections and stresses to be obtained for various lo:lding conditions and

intensities,

kR
Ro R

LOADL'

r r0~ r1  r

DEFLECTION DEFLECTION

liign- 28-2. Illustration of Load- Vigu i 28-3. llhistration of Load-
Dei':,-ti.)r, Iteration Trechnique Deflection ltcration \%.ith Incremen-

ted Loading

28-3. MATEIlAL l'ROPERTIES

The behavior of the membrane material in the prog rani is a.surned to be that

of a general anisotropic linearly elastic material in i st:ite of plane stress. The

stresses and strains in two orthogonal direction.n, I and 2, nrc related by the

generalized form of IHooke's law:

c'1! 11 cII + C12 22 ') 2 13 /12

u22 C21 111 222 ".2 c 23 >12

1? : 1 32 22 '33 12

wh:re u i 1td ((T are dircot strcsse-, 7 2 is tl, scc:r :t'(' - • ind c2 * ,re

di rect st~ ins. ind i12 1 s t , sh e air :itrai ,,. 1 cc cor In:' ,.:tt; ( ,re c:tlt,'r •las-

tic cn. stantit .
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Th U'J iifsi tneo01' u~s"! requires alfona:n!t wt'e ý T~i th, ls:

constaints are vnnerul nsUniv e coefficier~ts ire rcqri ved C 1 CU

C,4li(.. IndC , Hm.."vt'\i toy- tflrj tils n i iize] n onl Lt:-

abe structures, is kwovn that :;iti-ri;l atrtins Are no! Coir~i on that oll

mne elastic constants Dire indepor. 'ent \flev inti fl :Avon, i"Mt in this c~as, it

is necessar- to -use inf :vraoiig techniquie to :iplcrxii'iut the iniLterlal behavior

with qix constants.

1-or an isotropic ins terial, tihe WFas!c i ee nsiNt c-an he cornipited di rectly- fromr

Young's niodlil-s iand oInswors i010 I-sin-o ~ hi
can be obtained lv mouns of a 1,aiixi stress test mitriri Ic Uvoped exprassic for
this purpose. lIn this test setuip, showý-n iri I Figure 28-,, it cv i:ii(Ir 1s fabric1te.d

from the .mieraa mrid is subjetedl to various c-onbiimioris v-f pr~esiirc, lenpq~it..-

nrot arid troru lnwdigs.rh VI~eAstic c-Orit;nls ( t~w-n i,-- -llatr-l o: Yo

applied stres~es an"! i-or-:esronding c:sadsio.

AkA

igirt.' 2V-4. IliixilJ Sti t-n :i., Nl i'h-: 1
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Most fabric-type materia's exhibi. ? certain amount of nonlinear behavior,

especially at higher stress levels. Since the program assumes linear material be-1,,e

havior. it is sometimes necessary to approximate the actual stress-strain rela-

tiunship with a lineari2ed approximation in the range of interest. Also, the pro-

gram has a restart teature, whereby the loading can be incremented and the elas-

"ic constants revised at the start oZ each new increment to reflect changing stress

levels.

Material properties for rod elements are simply Young's modulus and cross-

sectional area.

28-4. APPLIED LOADING(

Loads applied to the structure are of two general types:

(I) Concentrated nodal forces and

(2) Element loads, either gravity or normal pressure type.

The element type loads are converted by the prograim into equivaient nodal forces.

However, directions of these nodal forces depend on the geometry and thus change

with each iteratior. The concentrated nodal forces input rermnin constant in mag-

nitude and direction referenced to a global coordinate aystem.

Loads can lie appli.d in increments as previously discussed. E.ch load set

can be independentl.; sequenced so that the same load factor neeCL riot be applied to

all load sets, This feature is convenient for some inflatable structure problems

when, for example, it is desirable to apply internal pressurization loads flrlt and

then apply subsequený service loads with pressure held constant.

28-5. ),AIILI(CArlONS

Applications of the program include stresb and deformation analysis of inflat-

able structure, and sinilar type problems which ex-hibit geometrlcallv nonlinefar

behavior. l'revrous problenis analVzed with the program include balloons, inilat-

able buildings, pressurlved dlaphragr.nc, and cable suspension sysHtVns, AS cx-

amples, two analysis proolerns will he discussed briefly in this section.

1he first example is he st ress and d(eformaotion inalysis of the hull aind sus-

pension line system of a 273, 000 cubic foot tethered balloon. The finite clement

model for this analysiIs is ý.kctched in Fi"gure 211-5, :i. hee both the structure and

all loading ca,;es ronsidered aru .:1,, r01trl)cl aiout the 'erIte m vCrti cal [11;anC, on1lV

one-h;.lf the structure is arlalv7eli. liournd•,rv c• alditions ;Are specificil 4ud.i that

svrnmrotrv im forrcd iri th(, ;il;,nc: of )y'rjiiraet'.v. A\ll j•riflretio ntm :,rC rcntm;aimrud at
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44

Figure 28-5. Model for Tethered Halaloon flull-Su.Lipensioi l~iric Analvsis

the tether confluence point. In this model, there arc 287 nodal points, 2.3 truss

elcmcr~ts. and 27C r~rb'~c~eeis

Six load sets were co~nsidered;

(1) Internal preosurization

(2) Net buoyant lift

(3) Payload concentrated forces

(4) Aerodyriamlc pressiure

(5) E'mpennage net aerodynamic lift and drag

G1 [full tikin friction drag.

The aerodynamic loads were determined fromn rlgWd model wind tunnel tcatli.

These loads were 4pplipd Jo~ fnour loa--dl Oicrenicuta: fir. p- auri.to;,tl 1,UucA

ant lift and payload, then two i ncreme nts for aiddi rij acrodynarnic (1oada, St resses

and deflections vwere obtained for each load ln'crerierit.

T[he sesulta of this :naulysis allow the engineer to predict the magnitude and

loctition of the rnaxiimum direct, and siheair strv.4ses ini the materiialI, q i!.4jf-ni.j1oi)

line loads , possi iibi a teas of w.rinklinlg or Ii all buckling, hull g rowtit dim to pltu4 -

isun zatloi, Land hjull riefor nation dile to (xtel triil loads.,

Thbis probl.-im wafi run or- the- ( M( 'AOO carriputer. A he ;aziioiriit Of ceitv'!i

procvtisor R(1B) titri, which i.4 the prri.vfictor inl tO i- tu' o.at, v;rrivid witth

earch load irictr;'rrmnt dcpr.Ildiuj', ouil the( ,runiin of tertii rli i IJul coor"(11-

Vi rive 'The 'eaviige for UirCh iricrenicrit w:Oa :iot foir' itor-Atingti witl, aj (I till,

of about 3 milnutes.
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The second example problem is the analysis of one side of the horizontal -

stabilizer of the same tethiered balloon. Figure 28-6 is a piot of the membrane

elements used in the analysis model. Not shown in the plot are the internal laced

"Figure 28-6. Model for Tethered Balloon Horizontal Stabilizer- Aul;si
- -1

rib members and external supporit guy lines. Also not shown are flexible support

members at the root which were used to simulate the flexible hull. This model has

386 points. 70 truss elements, and 437 rnern)hrane elements.

Yor this problem, the loading condlitions i-pro.wed on the structure were inter-

nal pressurization, aerodvnaunic pressure (listribution, and rkin friction drag. I
'IThese loads -,..,ere all applied in a --ir'gle load increment, although different load

Vw iue•, were aliliVz4,d in ,- cp. rat' compu.. ter run•. "l're jipt r.rtl-in :; were ,required

for convergenr:ce for the lowd increment with ei ,t• hiini( tint of ;ihot , ( P runiutez.

)utput for thi. problem iicluded ine nilhrne stress•cs in :Al the elenients , Hib

lacing and guy lineý loads and deformations uf the fin. Alloi, loads in the fin root

supports were obtained which could I,, used in furthe r anlvsls of the h-All-fin

interTection region.

211b , t�. it FII"I( A'fON

, rlli L, ol! t(ost prnlli l;-; }'\v('• ; l ,: ;ii /'1 tO tlhtr r ' : otf •.:li~Ii$\" ,f t),(,

progr';ii. f'ompmp:ison. with tnroretical rce-iults • :\ l arr tra-dh fr v'ri½,.



Ipressurized structure problems and simple truss instability problems. Also anal-

ysis results have been compared to experimental measurements for pressurized

shells, pressurized diaphragms, and a cable suspension system. it is concluded 21

that good results can be obtained from these types of analyses, assuming reason-

able care is exercised in modeling the structure and that material properties are A
S~~adequately represented,. :
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29. A New Brittleness Criterion for Low Density
Polyethylene Balloon Films A

Dr. 0. W•issmann
Stevsns Instituite of Technoiogy -

Hoboken, New Jersy

-ASI
Abstract

The brittle rupture of polyethylene filn.s may be one of the main causes of
failure of high altitude balloons in the stratosphere. If the material can deform in -

a pla-tic rr.anner, there is the possibility that the stress can be relieved by defor-
mation or a ductile rupvure. A ductile rupture is A local tear ir. the material. A
Sbrittle rupture is a shattering in a glass-like manner of large areas of the ivate-
rial resulting ir an immediate loss of the balloon, 1

Sin':e existing methods of characterizing +he film performance regarding
Sn-ittleregg were found to be uncaticzactor-. th• present study • undertaken to
investigate the brittle-ductile transition and ti-e factors that may influence it. By
aefining a beittle failjre under uniaxial constant strain rate test conditions, a tran-
siLion temper,•ture froin ductile to brittle failure was e.•ablished at each strain
ratt, It was foiad tha' at low strain rates the transition temperaturt is almost in-
dependert of the strain rete. This temperature is auggested as the "cold brittle-
nes-a temperature.

"This cold brittleneEs temperature is related to +*e energy dissipation ability
of the material :s found from, 6vynmic rnc.han'cal tents. The correlation between
the uniaxial constanit strain rate tfst and the dynamlc rnech':anical data was checked
mathematically by using t; visicoelastic ;nodel.

Preceding pge blank
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29-1. INTRODUCTION

As the use of plastics expanded and their behavior was investigated, it became

obvious that for certain applications, it is not sufficient to coasider only the corn-

monly used mechanical properties such as ultimate stress and strain or the elastic

modulus. Additional aspects of the mechanical behavior must be considered to

achieve satisfpctory periormance.

bhalloon failures cue to the brittleness of the filan ha'• 2lccompanied balloon

flights almost since pclyethylene films were introduced as a balloon material. In

the early fifties, M.M. Renfew and A.J. Freeman (1953) reported on the develop-

ment of the inm lined plane ball tester. This tester was developed to evaluate bal-

loon films for brittleness. However, the inclined plane ball test, as well as tfle

falling ball test in which the ball is dropped directly on a suspended sample rather

than rolled down an inclined plane, were found to he unsatisfactory. The results

obtained did not correlate well with balloor flight experience, and properties re-

lated to the surface of the ball were fount o influence the test results (Winker.

1970; Nelson. 1970; IHauser and Stefan, 1)70; andi Mielke, 1968). A Round Robin

testih. program indicated little or no agr: mernt among the results obtained at sev-

eral different la)oratories as was report,-c by Ii.user (1967).

It was suggested by Roth and .Manrmo- . (1965W that a study of tensile proper-

ties at progressi,'elv lower temperatures sould yield information regarding the

transition from ductile to brittle behavior. 'lowever, the difference between duc-

tiue and brittle rupture as is found in the rupt ures induced by biaxial loading (Fig-

ures 29-1 and 29-2) is not observable in uniaxial testing. This necessitates the j

establishment of an independent criterion for ductile and brittle behavior. The

criterion suggested by this paper is based on the observations of Amborski and

Mecca (1930). They showed that at a constant temperature a curve of the ultimate

strain versus log (strain rate) yields a sudden transition from a large ultimate

strain to a much smaller strain in a narrow range of strain rates, as can be seen

in Figure 29-3. The straiti rate at which this transition occurs is defined as the

critical strain rate (CSRI) P! the given temperature. Ductile behavior is thereforc

associated with large ultimate deforniatiors, while the brittle behavior is asso-

ciated with much smaller ultimate deformations.

It can be expected that re.uating these tests at various temperattres would

yield a similar transition at each temperature with the CSR moving to higher strain

rates as the temnperature 's incre sed. Plotting the same data as ultimate strain

versus temperature at a co.nstaa-t strain rate shou:ld yield a similar transitioni on

the temperature axis as Amborski and Mecca observed on the strain rate axis.

It is then possible to define a critical temperature (C ' quivalenc to the C(SR.
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Figure 29- 1. Ductile Rupture

~ " ~owe,

Figure 20-2. B~rittle Rupture

Extrapolating these! results; to ver., low; str.ain rntes vicids I 1-w cr'itorion for cold
hrittli~nr;-' in the cst~i)li.:;hrnent of -jcold !brittlenessý temn. rnrtun c C3)

29-2. EKXPERIMIENTiAL, WYSLI.T

Th ( exnp ri me c n 1 1 rnr-,r;irm lerlj~- to T-, e I()l~jhm n Ioff the' ( I :j (eI
rmlv rof crlnd-Juit ýtrmii r'ntte linyi,.xi trsf.-4 mor-id~ired ein :m r[.,tronr tensile tester.

'(t:4' re i~n ýt t',ihor of -ýtm:ii,r r:Omtes hew'" in~i nfloo p-rcont ncr :'Y
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450 * Limnear Polyethylersa (I) I.
A Aorpbois Polyefthylenle (2)

£ ULowDensity Polyethylene (3)
400 £ A re:`lur PVF Film(4

0Mylar Polyester Film (5)-1
350 0 Cellophane, Saran-Coated (6)

I-300z

aa250 1
S200w1

0 l5O

00

100 0

,12 3 4 15
0 0 10 10 10 10 10

RATE OF ELONGATION PEr, CENT PER MINUTE

I-igure 29-3. Critictii .St;-ain Hate
(Temp. 23, 5'C; from Amborski and Mlecca, 1960)

ait temperatures fromn room temperature to -75'C at intervale of 8 to 10 degrees.

on 1-inch gage Iingth srimples, 1/2-inch wide. Samples were cut in the machine
and transverse directions from a sinigle roll of film. most of the tests Were per1-

jormed on 2. U-im) !)trato~l- m@ with some limited tfestirig done on 1. 5-m~ll X- 124.

The Instron used is it table model macnine, equipp~ed with ,, conotfint ternptriutlrc

chamber. More details about the materials rnd test methods will be available In a

report for St-vens Institute riow in preparation.

Typical Iinstron output Is shown ir, .?gurc 29-4. It can be acen that it' a~o~ri

temperature the ultimnite itraifn ntai-ta to dý!crafinm. The rurvefs do not 10.n" the
.1clininctil' brittle behavior (rupture without yield). In order to, obittin thIe kinI of

biehavio r, inilch low, r terTlperatu rpt must lIe used, At those t ettipe ruturtes, the

murniplr'H becom~e h rghtv tienmitive to (lerectf- due~l to prep:i atinn oi- trratel i 1

I ruPV-fVctlIOnh .
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S • ~RUPTURE • •

SY~~IELD STRESS • •-

i --

WL4

UU

TIME (STRAIN)

Figure 29-4. ".rplcal instron I)ata at Different
Temperatures (at Constant Strain Rate)

It was first attempced to reproduce the character'itics of Amborski and

Mecca's curve shown in Figure 29-3. Figure 29-5 shows that at -40°C, the CSR

cannot be observed in the range of available strain rates, but at -526C, it is

clearly visible.

/Q - •0 0 "-
x 4 --. 5- -<0--. 0-

('A

o-40"C
2-e-SZ2C

0-20
2' "

50 10O 20W 50 IW00 2000 5O00o

5THAIN RArT Is "/MIN.
jmmIgure 29-5. Attemrrpt to I(Pprodup (i'Mi( I urv(:
,-f A rnlicrmki and Mer a (IG9'))
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All of the data were then plotted as ultimate strain ve -sns tempoerature at a

WIconstant sitrain rate. Figure 29-tia containm tHie results "L) the machine direetion.

and Figuire 29-61) shows results for the t ranrsverse direcct&ice At ei lh Matui, rate

the critical temperature is defined. The naaxirnrtrm travel o: tie c-rnoshe: .1 vas re-
stricted to 500 percent elongation to avoid excess;ive slippagc F~xna xvithin the jaws.
Combining the critical temnperaturesi andi their respez-uve tArain ratore yields Fii'-

'ire 20-7. The points of this plot rall on a straight line divid,,d into tweo seetirns,

one for the lower strain rates f1<7 1~2 percent mmi. I and the, othier for tilc hig!her

strain rates > 732 percent miii. ). I he .ippro i I n atir 11 1'r :'raght lnnor' .. lh 0 of

logarithm of rate versus reciprocarl absoliite teinperatui'e &i tz.pi'al MYr 'is'rn

elastic materiials in which the rolaxrirOni process va 'n hie direarrita.d by an A irheinius

type rate equation. This is, the ref.ore, frequen-ftly' r Tc r to a4 '.H \ rVhrItu,1J.

plot, and a straight lrine region indivatc.' uunoiOrmlit Kl a saug1 wwfoliL ni H:.I-a-J

on the A i'rhehil.rS equaiRon the ac-ti vat ion cenergy fo r the high %t: iii c-at ti-. -p '

was found to he 10 K cal.`mnle v.hich is a typical v:'llnu fo i' 11o'.. proue: 'q.

Ihe stro'ght vertical lin in tie lowv Srain rate 'egi'li I iat: thaltU ti

sponge of the -Anruis part of the niteil ''o~ms Mi qeror-ir "'ailw,~i-tauno" in( ci

this is the onk part which is time or rate depeindenit. Tisii muige'ets Oro: tiic Im~tti

falIure is :iSUOiiated with a lack of vni 4wou- response, or a Impb of Irilit to, (issi

-. ~~~pate strrm enerrgy, If the sirair. energy t,.lkl(Lp raite- 0; [li'l'i tMini ttii r;iv al

energy dh;;sip;ation, the resillt 0s rupture. the Eatest(M erwr'- r'j A icc,- il-iiu~

through the formation Of nCw surfoaces,
L Ie temrpe rature at wvihicii the vi seons respori- Lemleci rn i ril~jllIiwit of 'Ii-

Ntine) is suggested -is the cold briittlenecss ~(li'l ). I or 'flrtori) ilrn 1' 'Ihi., tvrn-

peratnre was fT)und to iru -5r2-C. liccaiase oif the w-ay, tie K1 as: du-fiiud, it nWaSm

e;xpudced that the CIVI would he- ro:uuewiiut hligher "hall th'. W-'~lill.,ro oh "li

Iut a review of the literattire showed the teriperatuice ol -5'?' to fll vithi" till'

pufflmsied uaw t'r poiyetliylenie (tehhvr-, 195t8; Iloff a 11 ~ilI 0.
jt i Il

and tHie ttlinpei'Ilurpneri'dedi to yic-d tInittli' ruiqipi act te~ripi:ur-l. Iriiii' hiiii

the (0T.

I l.-;alinirg till r~lrlrlirlir~g el t'0i1i
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The ability of a given material to dissipate energy is directly related to the

dampinp, properties as presented by the loss rmodulus E" and the tan 6, the phase

shift in a dynami- mechanical test. A series of dynamic mechanical tests were

per.orme on a Rheovibron to evaluate E" and tan 6 curves for StratoFilm The

resulting characteristics are given in Figures 29-8 and 29-9.

F
to

103 PSI-
STRATOFILN 2.0 MIL

t -E'-M.O.

S-o" o.c• •%•,'-.o ._ E- .

%0

I-- D. E--M.D

SE*.0-'-T . O. '

109 S j4
ICA Psi-°"'"•

s..*0 L I , I I L ~J lA IL I

-tO8 -140 -120 -'00 -GO -60 -40 -20 0 20 40
TEMPERATURE (OC)

lYigurc 24-e. Storage and Los4s Mlndivli
F Versus Temperature for StratoVilrn

It in clear that the CBT of -52°C falls in the area of a relative minirnulmn of the

E" or the tan 6 versus terrperature curves. The different pe'aks are indicative

of the various relaxation mechanisms that appear at various temperature's ut thin

t~st frequency (110 cpa). The low temperature, y, tranmition peak ia due to re-

stricted local motion with the exact mechanism yet to be determined. At the J

trainition in the temperature range of 0O(J. large chain Negrnentst gain mobility

needed for plastic flow. The dissipation of energy ifi due to flow of those ct:ain

j

I

I
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016STRAT0FI LMq

2.0 MIL,
0.14-

ap
0,100

TAN S

0.08 U

0.06-0

X 60 SMACHINE DIR

age. SrRANS DIR.

.00 gV*UbP

0,0

-160 -140 -120 -100 -90 -60 -40 -20 0 20 40

TE~MPERATURE *C.

Figure 29-9. ra'n 6 Curve for Strato~ilrn

segments (M~atsuoika et &I, 190G7; Matnuoke and Inhiaa. 1980', The domination of

the jI relax~ation mechanisin star's at the minimum between the /' and the 1'3 tran-

sitions in the region of the CHT.
To dptArminen wheth.er the rc.,ationolhip 'htVctwocr the .4r-iapdtiur "Pectr'il aE;

given hjy trAn 6 or E", and the behav'ior' found In the Inatron tosts is peculiar to

this low density polyethylene or im characteristic: of at vincoelststic material of
similar nature, a theoretica) analysis wom performred. The afliuniption underlying

this itralynto waH that fracture occuurs3 If thi: mtored ntrnin energy cxccodk a critical

level. A three- element iriodel, Figure 29- 10, was utilized. The parameters of

the models were evaluated sit funiction.4 of teinpersitur. c horn the tari 5 aind E"

data available from the dynamicQ mechanical testm. rAi w.- i)# demeri'ied in detail

In the Stevens Ircstit'ite Report. After calculating the, parameters E;~, 1 . n, 7

the model'N response tu coinutint rato ontretchirig waij determined trial yt I(ailly,

looking for the ultimiate atrairi at which the criticol cienseg. wits r eached.
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EE2
E2

Figure 29-10. Three
Element Model

A typical result of this analysis is given ilI Figure 29-11 (the governing equa-

tiones nd the computer program are included ia the appendix). The ultimate elon-

galtion is sjniall and almost constant until i, temperature is reached at which the

elongation starts to increase due to the response of the viscous part and energy

dinaipating. At the lower strain rates which correspond to the low rated of the

Inatron, the deflection point where the elongL.'ion starts to increase 1i at the some

temperature. However, ak the faater rates this point shiftH to higher and higher

temperatures similar to what was found experimentally.

It is recognized thlt the three-clePIent MIodl used doei4 not chsiraccerizp the

inaterial h'ahavior under creep condition•. A four-eleinent model, including an

additional dtshpot In sturien with the preesent model, would yield better results.

.or this uiialymiH, however, Oie tiiree-ciernent rodel in sufficient, as the addi-

tionae duisnpot wo'id not yieli any additi urUl Vlohig1Li i ,I i hll [ luwW LU1 ,[MI J ttai' (

11 rege, but would umnly ot'reade the Altimiatte longat!o. ;ift er the deflection point of
Sthe ciur've, .iL"e no attenpt. wa, mrride to achieve quantitative agreeln ent between

-' 'he model and the actuml te~ts, it waH not ;ecesi;; ry to use a more cornplicated

-nYidni ill this, work,

A nymtr'tcil tic( Ist.tlnr,; Jr'ogr:t n v/:I. inltro'utrt't ,J (tO d Ite 'rin1l e ('Old l.rIlttlr'nn ,!1R

tiflpn (r;itur , (jf 1 '-' ',(i1`;i1:11 J1()s'','(} Ir' fll l. TJ111; pnroliu ure yielt! ., Ill uiditlo y

to the ("oil imnittlenn-1 a tIleiprntnr', ti,, rr'+idlta hlp etw/een, tle trat;Isitionr fromo



ductile to brittle behavior and the strain rate and temperature. It waHu shown that
for low density polyethylene, the ductile-brittle transition Is relateýd to the transi-

tion from the jlrelaxation mjechanism to thc *y relaxation mechanism and to the
dissipation spectra of the matlerial.

Theoretical model analys~is show-id that the rAlationship between the E" and
tan 6 versus temperature curves and the ultimate elongatlor. versus temperature

curves obtained by constant atrain rate uniaxital testing~ is a result of the visco-
elsetic nature of the material and could be axpectt~J to be the sarme for Similar
ma ce rials.
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Appendix A

Model Analysis Govwning Equatiians

The complex modulus obtained from dynamic test data on the three-element 1
model of Figure 2.-10 is given by

= + i F" E22~ + 1- WTI

wherc rw ii the frequency of the test (Bland, 1960). After some algebraic inanipv-

r lation, this yields

(W21 E2 W

)! 2 )).•2 E E2)

E E" E+ E

introducing tan 6 = and A = - El , tan 5, A)

TIIr and 77 = 17 (E", tan 5, A) ca r, be determ ined.

The differential equation for the model is

E A +E'7- - '7) 1---d- I
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where a is the applied stress, e is the total strain and the .) rrpresents differ-

entiation with respect to time.

The solution of this equation with initial conditions corresponding to a constant
strain rate tensile test yields i

0 C[l-exp -flt)] + Bt

where BC and fl are combined constants including E, . A ancd i], and t is time.
By substituting t= R where R is the rate of elongation, and separating e into e 1

and (2 where c is the deformation of the single spring and e 2 is the deformation

r of the Voigt model, we can calculate the stored energy in the two springs. Equat-
ing this energy with the critical energy Vcr will yield the ultimute elongation (c u).

The computer program that was written to calculate the behavior of the model
as a function of temperature under the above assumptions can be found in Appendix
29-B.

I?
t
i

I- I

I-2
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Appendix B

Computer Program for Ultimate Strain of a Three Elnent Model*1 1 '.II.•SIO", TUrG), Tl'(V'), F[.r'¢v'-0), FlI(U.), FCh~F(6U, -1.

CALL 1FIL - C L..,'

I. . I J.I .) F . I.

.P. /0 1 . -1

PA kh I + - (, I L- I , !;I L ) L, . .I L+. ),

EI)IA- C : ) - r.U.l ) , ,l
0%16= (o.7 -C I )I I

= (I C-i,. . .- CI k - 4- ( I .+ -( C I' G,5
usC I )I. I,/

Cr=I)C=(I-.O.r'C! Fe.F 1j GA ) 4 LX' ( I )+--/[-,

F .= C C ,* I, )/ ./ vi (+I) -P/AF .I )4''.Ž( -- I,)*( F ' I) -

{ :-. y'•. *( P*i 'u,L/Cs ( I ),L/ . I.CF I -,OI C" " )4 ( --1)*C}0~E )

IC,~U..(F~h**i.I)).LE. .000-01) 00 TO 6.'

50 COV, NL~i.

GO TO070
6C =V I ," I 3T . -), IF I F-,' C F 1- , 4I )
70 C 0 )T I-0j

101 FC ~'j1 F)

102 'Ur,' I o- P. F'P -..l.-% 3). '1 P/' 5 f-) IFt EL F( ,0 C I T/ ) - t

F B10.,,/
*103 QUr.Y0Al PI15i I,.I

104 I, /, .F 0. 11;, I F SF Ti. I (k'. 3 E L FI- )/0N+L C ,l,.

10.5 1- C { , I F (1 '.I ; I I) ' " K I *vI Lt. \ I ? - FI , 13 1," 5" F" T4. -

I U 6 F UW-/. f ( JL'.l I (N FA I LF 1: 0 C0NVF)iG D*
CALL GS P.')-(O PS US TPJI i 1F -, 1.5-3i0
"SePT r )'IV

6erO: 1' 1 cos .
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Program Nomenclature

T = Temperature

EDP = E", loE-, mudulus

TD = tan 0 i

EONE = E 1 , spring modulus

ETA n. dashpot viscosity

US = E , ultimate strainu

number of observatioins

F = Frequency

F = strain rate

V = Vcr, critical strain energy

A = Ratio betveen E and E in the model

FILM Identification

l-

!
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Appendix A

I - Publications of Proceedings of Post
AFCRL Balloon Symposia

and Workshops

Due to interes! expresse6 in the proceedings of past AFCRL, b2lloon oyrnpoeia

and wvorkshops, and because the report series for these reportr has been changed,

a listing of the proccedings of all past AFCRL balloon sYmnposia and workshops

follows.

AFCRL REPORT NO.
TITLE A ND DATE

-Proceedings of the AFCRi. Ballon

Symposium AF'CfL-61-919, Dec. 1963 (A1J614065)
Proceedings, 1964 AFCRI. Scientific
Balloon Svrnp.)siurn AFCRL,-65-486, Jul. 1965 (ADS 19695)

Proreejiings, AVIAIl. Scientific
Ball•-,on WVorkshop, 1955 AFC111,66-309, May 1966 (AL)634765)

- ~Pro-needings, Fourth AYCRI.
Scientific Bailoon Symposium AF-CRL-67 -0075, .;an. 1967 (AD656692)

Proceedings,. AF-CRL. Tethered Balloon
Workshop. 1967 AECRL.-68-00q7,%I~ar. 1968 (AD676037)

Proceedings, F>tth A'C:Rl. Suientjfic
1 3oilloon Symposium, AF'CRLI-68-0661, Dec. 1968 (AD685726)

I'roceeJinu!ý, Sixth AFCRL. ScientificIBalloon iymposium AI'CR1-70-0543, (jet. 1970 (A r7 17 149)


